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PART II
MAJOR MECHANICAL EQUIPMENT

1.0 INTRODUCTION

Part II of this manual provides the electric utility engineer with detailed
technical information on some of the major mechanical equipment used in the FGD system.

The information in this section can be extremely useful to the engineer involved in

preparation or review of a specification for an FGD system for the first time.

L1 Objectives

The objectives of Part II are the following:

o To provide the electric utility engineer with information on equipment
that may be unfamiliar to him, including ball mills, vacuum filters, and
mist eliminators; and

o To identify the unique technical considerations imposed by an FGD

system on more familiar electric utility equipment such as fans, gas
dampers, piping, valves, and pumps.

1.2 Organization and Content

The organization of Part II is illustrated in Figure 1-1. Part II covers 15 FGD

system mechanical components:

o Flue gas fans;
o Ductwork and expansion joints;
o Flue gas dampers;

o Slurry pumps;

II.1-1
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. Tank agitators;

. Piping;

o Valves;

o Spray nozzles;

J Reagent ball mills;

. - Thickeners;

. Hydrocyclones;

. Vacuum filters;

o Centrifuges; -
° Continuous emission monitors; and

. Process sumps.
For each component covered, Part II presents the state-of-the-art designs

considered, the selection considerations, the available materials of construction, and

recommendations based on recent experience.
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2.0 FLUE GAS FANS

The flue gas fans provide the kinetic energy required to move the flue gas
through the ductwork, dampers, absorber modules, stack, and other associated equipment. In
design and operation, the flue gas fans associated with an FGD system are nearly identical
with typical power plant induced draft (ID) fans. Since detailed descriptions of the design
and operation of power plant fans are available from textbooks on power plant design ( i,2)
and from fan manufacturers, this section of the manual concentrates on the unique fan design
conditions imposed by FGD system applications.

2.1 Types Available

Flue gas fans can be categorized by their general type and by their location

with respect to the absorber module(s).

Two general types of fans are used in power plants: centrifugal fans and axial
fans, illustrated in Figures 2-1 and 2-2, respectively. Centrifugal fans accelerate the flue gas
radially to the axis of the fan rotor, in the same manner that a centrifugal pump moves a
liquid. Axial fans accelerate the flue gas parallel to the fan rotor, similar to the operation of a

ship’s propeller. Where new flue gas fans are required for the retrofit of an FGD system,

their service is characterized by high flow rate and relatively low pressure rise. Both
centrifu_gal fans and single-stage axial fans are suited to this service. The selection of which
of these fan types is better suited to a particular installation depends on a wide variety of site-
and utility-specific factors, and is usually the subject of the same type of engineering study

applied to selection of the unit’s other flue gas fans.

The flue gas fans can be located either ahead of the absorber modules (resulting
in operation of the absorber modules above ambient pressure) or following the absorber
modules (resulting in operation of the absorber modules below ambient pressure), as shown in

Figure 2-3. Fans located upstream of the FGD system handle hot, dry flue gas and are

I1.2-1
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termed "dry fans." Fans located downstream of the FGD system handle cooler flue gas that
has been saturated with water and are termed "wet fans." When flue gas reheat is applied (see
Part I, Section 4.6), the downstream fan may operate in conditions closer to those of a dry
fan. In either location, the FGD system’s pressure increase requirements can be incorporated
into the design requirements of the boiler ID fans (Figures 2-3a and 2-3c) or can be provided

by a separate set of booster fans (Figures 2-3b and 2-3d).

A few U.S. FGD systems operate with flue gas fans downstream of the
absorber modules. Many of these are systems that combine both particulate and SO, removal
in the same system. Some of these installations reheat the flue gas prior to the fans, but
others operate without reheat. All U.S. installations with downstream fans have used
centrifugal fans for this service. Because of problems created by solids buildup, blade
erosion, and corrosion, these fans have generally been less reliable than upstream fans.
Because U.S. utilities have generally considered the historic problems to outweigh the
potential benefits of negative-pressure operation (discussed later in this section), no FGD

systems using wet fans have been installed in the United States since the mid-1980s.

European experience with wet fans has been better than that seen in the United
States. The European FGD systems were among the first to employ impfoved, more efficient
mist eliminator designs that minimized liquid and solid carryover from the absorber modules.
Installations with wet fans primarily used axial fans in a wide variety of flue gas flow
orientations, including horizontal, vertical up-flow, and vertical down-flow. Even though U.S.
experience with wet fans has been disappointing, the successful application of these fans in
Europe may result in their frequent use in the future. Therefore, this section of the manual
describes both wet and dry fans.

I1.2-5



2.2 Design Considerations

2.2.1 Process Considerations

Process considerations that influence the design or operation of the flue gas

fans include fan control and influences on mist eliminator cperation.

Fan Control

If the pressure requirements of the FGD system are incorporated into the design
-of the boiler ID fans, the FGD system presents no new problems in fan control regardless of
the type or location of the fans. If, however, the pressure requirements are met by booster
fans, fan control becomes more difficult. While a detailed discussion of the control of large
boiler draft fans operating in series is beyond the scope of this manual, this is an area that
should be given extensive study by knowledgeable fan-control experts. The control system
must be able to respond quickly and safely to changes in unit load and the placing of absorber
modules in and out of service. While the control of series fans is more complex, this is a
very common arrangement for both new and retrofit FGD applications, and the control

procedures are well established.
Influences on Mist Eliminator Operation

The efficient operation of the mist eliminators (MEs) is important in all FGD
systems, but is of critical importance if flue gas fans are located downstream of the absorber
modules. Carryover of slurry solids onto the fan blades can result in fan imbalance, blade
wear problems, and increased corrosion. As a result, using downstream fans requires the use

of highly efficient, two-stage MEs and very close supervision of the ME wash system.

I1.2-6



2.2.2 Mechanical Considerations

The mechanical aspects of the flue gas fans located upstream of the FGD
system are the same as those that must be considered for the boiler’s ID fans. Additional
mechanical factors must be considered when contemplating retrofit booster fans and fans
located downstream of the FGD system. The most significant flue gas fan mechanical

considerations are the ID fan pressure requirements and installation of a wet fan wash system.
ID Fan Pressure Requirements

The pressure drop across the FGD system (ID fan outlet through stack inlet) is
typically in the range of 1.5 to 2.5 kilopascals (kPa) [6 to 10 inches of water, gage (inwg)].
In new installations, this additional pressure requirement can be easily incorporated into the
design of the boiler ID fans. Some existing generating units that were originally installed
without FGD systems anticipated the future need to add an FGD system, and the original ID
fans either have the ability to meet this additional demand or can be modified to do so at
relatively low cost. Such modifications might include the replacement of the initial fan rotors

with larger diameter rotors (centrifugal fans), installation of a second stage of fan blades

(axial fans), and replacement of the fan motors with motors of a larger size.

Where the existing ID fans cannot be modified to provide the pressure

requirements of a retrofit FGD system, ID booster fans are required.
Wet Fan Wash System

To control the buildup of deposits on the fans, most fans located downstream
of the absorber modules are equipped with on-line wash systems to periodically remove
deposits before they have an opportunity to harden. A typical wet fan wash system consists
of a fixed grid of wash water supply piping and spray nozzles. The wash system should use
fresh makeup water; and often, the same pumps that supply ME wash water also supply fan
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wash water. Reclaim water should not be used to wash the fans because of the potential for
additional solids buildup. The wash frequency depends on the rate at which solids build up

on the fan blades and may be adjusted by the operator to suit variable operating conditions.

2.2.3 Other Considerations

Several other factors should be considered in the selection of flue gas fans,
most influenced by the location of the fans with respect to the absorber modules. These

factors include the following:

° Fan size;

o Structural design;

. On-line absorber module maintenance;
o Positive- versus negative-pressure operation of absorber modules; and
o Cyclic reheater leakage.

Each of these factors is discussed individually below.
Fan Size

The flue gas entering the FGD system absorber modules typically has a
temperature in the range of 130 to 150°C (270 to 300°F) and a pressure of 1.5 to 2.5 kPa (6
to 10 inwg). The flue gas leaving the absorber modules is typically 50 to 60°C (125 to
140°F) with a pressure of 0.5 to 1.0 kPa (2 to 4 inwg). It shoul& be noted that higher flue
gas pressures entering and leaving the absorber modules are possible, depending on the
presence and location of a flue gas reheater, as discussed in Part I, Section 4.6--Flue Gas
Reheat. As a result of the reduction in temperature, the volume of flue gas handled by fans
located downstream of the absorber modules is significantly smaller (15% or more) than by

upstream fans. The smaller gas flow requires a smaller fan. The greater flue gas mass flow
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rate downstream of the absorber modules, however, consumes more fan power and may
require a larger capacity fan motor. Any capital cost advantage derived from the use of
smaller fans is offset by increases in the annual electrical power costs and the capital costs of
larger fan motors and the fan wash system. Downstream fans also require more corrosion-

resistant and expensive materials of construction, as discussed later.

Structural Design

A major design consideration with installation of an FGD system is the
potential for increasing negative-pressure excursions in the boiler, ductwork, and particulate
control devices (ESP or fabric filter) by 1.5 to 2.5 kPa (6 to 10 inwg) should the air flow to
the boiler be disrupted. When the FGD system is installed with the construction of the boiler,
these greater negative-pressure excursions can be incorporated into the initial structural design
of the boiler and downstream equipment. In retrofit cases, additional structural supports may
be necessary to prevent implosion of this equipment under emergency pressure-transient

conditions.

If the fans are located upstream of the FGD system, the structural design of the
FGD system ductwork and absorber modules must consider the potential for positive-pressure
transients should the gas path between the absorber modules and the chimney be obstructed.
Potentially, the ductwork and absorber modules could be exposed to the full differential

pressure capability of the fans at zero flow.

If the fans are located downstream of the FGD system, the FGD system
ductwork and absorber modules could potentially be exposed to a negative-pressure transient
equal to the full differential pressure capability of the fans at zero flow if the gas path
between the boiler and the fans is lost. The structural design of a vessel to withstand a very
high negative-pressure transient is usually more difficult and expensive than the design

required to withstand a positive-pressure transient of the same magnitude.
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On-Line Maintenance of an FGD Module

In many cases, particularly when a spare absorber module is provided, it may
be necessary to'enter an isolated absorber module to conduct maintenance while the boiler
remains in service. Maintaining "mansafe" breathing conditions inside the module under these
conditions is difficult even if guillotine dampers with seal air are used at the module inlet and
outlet (see Part II, Section 4.0--Flue Gas Dampers). This problem can be somewhat reduced
if the flue gas fans are located downstream of the absorber modules. In that case, any leakage

around the dampers would be from the modules into the ductwork.
Positive- Versus Negative-Pressure Operation of Absorber Module

Operation of the absorber modules at negative or positive pressure has no
significant effects on the FGD process chemistry. Therefore, the most significant difference
between positive- and negative-pressure operation is the exposure of the downstream flue gas
fans to wet, corrosive flue gas conditions. The effects of installation of downstream fans on

materials of construction are discussed later in this section.

Other effects of positive- or negative-pressure module operation are similar to
the same types of effects considered regarding the operation of a pressurized or balanced-draft
boiler. In the event'that a leak develops in the ductwork or absorber module shell, a positive-
pressure absorber (fans located upstream of the absorber modules) will discharge flue gas to
the environment. This could become a significant problem, especially if the absorber module
is enclosed in a building. Localized corrosion and poor breathing conditions are likely to
develop in the vicinity of the leaks. Leaks in the absorber module shell are usually easily
identified for repair because the slurry carried by the leaks will be visible as a trail of deposits
down the side of the module. Such leaks can be housekeeping problems, however, and may
cause corrosion of metal surfaces, equipment and controls. Leaks in the outlet ductwork may
allow acidic condensate to damage insulation and lagging (if used), exterior ductwork

surfaces, and support steel.
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If the absorber module is operated below atmospheric pressure (fans located

downstream of the absorber modules), any leaks that develop in the absorber module or
ductwork would result in-leakage of ambient air into the FGD system. While this would
initially appear to be an advantage over positive-pressure operation, such in-leakage points are
more difficult to locate for repair. The in-leakage results in slightly greater flue gas volume
to the downstream fans, although a very large leakage rate would be needed to add
appreciably to the total gas flow volume. In inhibited-oxidation processes, the oxygen pfesent
in the in-leaking air may make suppression of sulfite oxidation more difficult.

Cyclic Reheater Leakage

Some European and Japanese FGD installations use cyclic reheaters to heat the
treated flue gas before it enters the chimney (see Part I, Section 4.6--Flue Gas Reheat).
Ideally, no untreated flue gas should leak over to the treated gas duct since this would reduce
the overall efficiency of the FGD system. However, as discussed in Section 4.6, some
leakage does occur when regenerative plate-type reheaters are used. By locating the flue gas
fans downstream of the absorber modules and ahead of the reheater, the higher pressure gas
would be on the treated side of the cyclic reheater, and leakage would be of treated flue gas

to the untreated side.
23 Material Selection

The selection of materials of construction is dependent on the location of the
fans. Upstream fans are exposed to the same conditions as boiler ID fans, and the same
materials can be used. Generally, carbon steel is used for the fan housing and erosion-

resistant carbon steel is used for high-wear areas of the fan blades.
Downstream fans must use materials suitable for the very corrosive conditions

that may occur. Non-rotating parts such as the fan housings may use rubber-lined carbon

steel or corrosion-resistant nickel alloys such as alloy C-276. Corrosion-resistant nickel alloys
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are also used to fabricate the rotating parts such as fan wheels and blades. Erosion-resistant
materials may be used in the high-wear locations such as the leading edges of the fan blades
where erosion resistance may be more important than corrosion resistance. Rubber and other
linings are not recommended for rotating parts because localized loss of the linings may result

in severe imbalance of this equipment and damaging vibrations.

2.4 Recommendations

. If possible, the pressure rise requirements of the FGD system should be
incorporated into the boiler ID fans to simplify fan control and
minimize capital costs;

o In a retrofit installation, new booster fans are usually more economical
than replacement of the existing fans;

o The selections of the fan type (centrifugal or axial) and location
(upstream or downstream of the absorber modules) best suited to a
specific installation should be the subjects of an engineering study; and

. Downstream fans should be constructed of materials suitable for a wet,
corrosive environment and should be equipped with a fan wash system.

2.5 References
1. ASEA Brown Boveri-Combustion Engineering, Inc. Combustion, Fossil Power.

Joseph Singer, ed. Windsor, Connecticut, 1991.

2. Babcock & Wilcox. Steam, Its Generation and Use. S.C. Stultz and J.B. Kitto,
eds. Barberton, Ohio, 1992.
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If the absorber module is operated below atmospheric pressure (fans located
downstream of the absorber modules), any leaks that develop in the absorber module or
ductwork would result in-leakage of ambient air into the FGD system. While this would
initially appear to be an advantage over positive-pressure operation, such in-leakage points are
more difficult to locate for repair. The in-leakage results in slightly greater flue gas volume
to the downstream fans, although a very large leakage rate would be needed to add
appreciably to the total gas flow volume. In inhibited-oxidation processes, the oxygen p'resent
in the in-leaking air may make suppression of sulfite oxidation more difficult.

Cyclic Reheater Leakage

3.0 DUCTWORK AND EXPANSION JOINTS

The ducts that convey flue gas within the FGD system consist of rigid shells
with expansion joints as required to provide necessary flexibility, vibration damping, and
accommodation of differential thermal expansion. The flue gas upstream of the first point in
the FGD system at which the duct walls become moist is no different than the flue gas
produced by power plants without FGD systems. Only the ductwork beginning at the lc;cation
where the duct walls first become moist is exposed to the operating conditions related to the
FGD system.

3.1 Types Available
3.1.1 Ductwork

Virtually all FGD ductwork is fabricated on site and is most frequently defined
by its location or role in the FGD system, as shown in Figure 3-1. Beginning at the upstream

end of the system the types of ductwork are as follows:

. Absorber inlet plenum--The common duct convevine hot. untreated cas
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with expansion joints as required to provide necessary flexibility, vibration damping, and
accommodation of differential thermal expansion. The flue gas upstream of the first point in
the FGD system at which the duct walls become moist is no different than the flue gas
produced by power plants without FGD systems. Only the ductwork beginning at the ldcation
where the duct walls first become moist is exposed to the operating conditions related to the
FGD system. R

3.1 Types Available
3.1.1 Ductwork

Virtually all FGD ductwork is fabricated on site and is most frequently defined
by its location or role in the FGD system, as shown in Figure 3-1. Beginning at the upstream

end of the system the types of ductwork are as follows:

o Absorber inlet plenum--The common duct conveying hot, untreated gas
from the induced draft (ID) fans, particulate removal device, or other
upstream equipment to the absorber module inlet ducts;

o Absorber inlet ducts--The individual ducting conveying the untreated
flue gas from the inlet plenum to the inlet of each absorber;

o Absorber outlet ducts--The individual ducts conveying the treated gas
from the absorber modules to the outlet plenum;

o Outlet plenum--The common duct conveying the treated flue gas from
the absorber outlet ducts to the stack flue; and

o Bypass duct--The duct (or ducts) conveying untreated flue from the inlet
plenum either to the outlet plenum or to a separate stack flue.
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The inlet plenum, the portion of the absorber inlet ductwork upstream of the
inlet isolation damper, should always operate dry” and, as discussed in the introductory
paragraph of this section, is not exposed to flue gas conditions related to operation of the
FGD system.

3.1.2 Expansion Joints
Virtually all expansion joints used in FGD ductwork are nonmetallic joints,
fabricated from sheet fluoroelastomer reinforced with fiber, wire, or a combination of fiber

and wire meshes.

3.2 Design Considerations

3.2.1 Process Considerations

Process considerations include the following:

. Basic operating modes;
° Limiting gas velocities; and
o Mist eliminator efficiency.

Basic Operating Modes

Definition of Modes--The process decisions concerning reheating of the gas
and management of bypass gas during startup and shutdown are of vital importance to the
design of the FGD system ductwork. Figure 3-2 provides a schematic classification of outlet

ductwork operating modes and environments based on process design. The basic operating

* Situations have occurred in which localized reverse flow along the tops of ducts have
carried gas streams normally encountered downstream of dampers into upstream areas
designed for different environments. While this is not a typically encountered problem, the

possibility should be considered.
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modes are defined in Table 3-1. Mode A is a true wet stack design in which bypass gas is
routed to a separate flue and the FGD outlet ductwork is never exposed to hot dry gas. True
wet stack conditions also occur if 100% of the flue gas is scrubbed and hot gas is never
vented through the outlet duct, Mode B. These operating modes result in the least aggressive
operating conditions. Mode C occurs when hot gas is bypassed around the absorbers into the
FGD outlet duct only during startup and shutdown, with no bypass during normal operations.
This operating mode results in more aggressive conditions than Modes A or B. Mode D
illustrates indirect reheat. Hot flue gas is bypassed through the outlet duct during startup and
shutdown, but not during normal operations. Reheat is achieved by hot air injections (shown
in Figure 3-2) or by some other means. This mode results in still more aggressive conditions.
Mode E illustrates direct-bypass reheat, in which some of the hot flue gas is bypassed around
the absorbers into the outlet duct during normal operation. This mode generates the most
aggressive conditions of all. At least one plant uses a combination of direct-bypass reheat
with simultaneous indirect reheat, Mode F. From an aggressivity standpoint, this hybrid

situation is direct bypass reheat.

Reheat vs Wet Stack Operation--Reheating the treated gas results in increased
buoyancy and draft in the stack flues, reducing induced draft and booster fan power
requirements, and allowing operation of the absorbers at negative pressure. At one time it
was also thought that reheating the gas would dry it, eliminating droplet rainout near the
stacks.

Reheat options are described in Part I, Section 4.6--Flue Gas Reheat. Bypass
reheat, in which a portion of the untreated gas bypasses the FGD absorbers and is mixed with
the treated gas in the outlet duct, is the simplest form of reheat, but it results in the most
severe corrosion problems. Cyclic reheat designs which allow slippage of gas from the hot to
cool sides of the process also effectively create direct bypass conditions where the gas mixing

occurs.
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Reheat methods which do not involve the mixing of untreated and treated gas
include some forms of cyclic reheat, in-line reheat, indirect hot air reheat, and direct-fired
reheat. While all reheat options increase flue gas volume downstream of the absorber
modules, the latter two options in particular greatly increase gas volumes and consequently

duct size. In general, indirect reheat creates corrosive environments which are more severe

than those created by wet operation, but less severe than those resulting from bypass reheat.

Experience with many different outlet duct configurations at existing FGD
systems has repeatedly demonstrated that reheating does not effectively dry the flue gas for
two reasons. First, the entrained moisture droplets do not have time to evaporate before the
flue gas leaves the stack. Second, duct designs-cannot produce enough turbulence to
effectively mix hot dry gas or reheat air and the heavier, moist flue gas without also creating
unacceptably high flue gas pressure drops. Thermal stratification can be severe, as illustrated
in Figure 3-3, an actual example of thermal stratification from an outlet plenum of an FGD

system at a lignite-fired plant (1).

The realization that reheat does not effectively dry the flue gas has led to
increasing interest in wet (no reheat) operation to eliminate the parasitic energy loss due to
reheat. It is important to note that true "wet duct” operation usually requires separate stack
liners (flues) for untreated and treated gas, even if 100% of the gas flow is to be treated by
the FGD system during normal operation. This is discussed further below and in Section 3.3-

-Material Selection.

Startup and Shutdown--Flue gas handling during startup and shutdown is
another important process consideration. Bypassing the untreated flue gases to the FGD outlet
plenum during FGD system startup and shutdown imposes severe thermal loads on the
ductwork and creates corrosive operating conditions similar to those created by bypass reheat
even if there is no reheat during normal operation (1). This is why some "wet duct" systems
(systems with no reheat) have opted for separate stack liners for the untreated and treated flue

gases.
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Impact of Basic Operating Mode Decisions--Decisions concerning basic
operating modes constrain materials selection for the ductwork, which can have a large effect
on the capital cost of the FGD system. The materials of construction for FGD system
ductwork are discussed in detail in Section 3.3 below and in Part I, Section 5.3.1--Corrosive

Environment Zones.

The decision to reheat the flue gas also increases the flue gas volume
downstream of the reheater, and the duct design must allow for the increased volume.
Finally, the decision of whether or not to reheat also has major impacts on stack design, as

discussed in Part I, Section 4.5.3--Wet Stack Equipment Design.

Limiting Flue Gas Flow Rates

The maximum design flue gas flow rate is dependent upon the location of the
duct within the FGD system. Inlet plenum, absorber inlet duct, and bypass duct requirements
are relatively independent of FGD system process design decisions, other than the requirement
that the ductwork be properly sized to accommodate the gas flows. Design gas velocities of
15.2 to 18.3 m/sec (50 to 60 ft/sec) are typical for these ducts.

Regardless of the operating mode selected, the absorber outlet ducts and the
outlet plenum are typically designed for gas velocities on the order of 12.2 to 15.2 m/s (40 to
50 ft/s), primarily to reduce moisture re-entrainment from the duct walls and any internal
braces or turning vanes. Additional discussions of outlet duct velocity as a function of the
duct materials of construction are presented in Part I, Section 4.5.3--Wet Stack Equipment

Design.

Mist Eliminator Efficiency

Mist eliminator efficiency should be maintained as high as possible to minimize

the formation of scaling and the accumulation of damp deposits (muck) in the outlet duct.
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Muck is the mud-like deposition of absorber slurry solids on the duct floors. The quantities
of muck which can accumulate on the floors of outlet ducts between scheduled outages can be
significant even when the mist eliminators operate efficiently. Accumulations of over 150
mm (6 in.) have occurred throughout the lengths of outlet ducts at numerous existing utility
FGD installations. These aécumulations promote the corrosion of duct materials and add
significantly to the structural loads on the floors and supports. In addition to "muck," hard
gypsum-based scale can accumulate on the duct walls, turning vanes, and internal bracing, if

present.
3.2.2 Mechanical Considerations

Mechanical considerations include the following:

] Basic mechanical considerations;
° Duct geometry; and
. Resonance, vibration, and "oil-canning."

Basic Mechanical Considerations

The basic mechanical considerations in the design of FGD ductwork are similar
to those which apply to the design of any high-volume flue gas duct. Detailed discussion of
these considerations is beyond the scope of this report; however, they must include several
basic principles. The ducting must be sufficiently stiff and supported to withstand the
maximum static loads imposed by the weight of the ductwork and any accumulated scale and
deposits. The ductwork also must be able to withstand the maximum anticipated structural
loads imposed by duct insulation, wind, snow, and maintenance activities. If the plant is
located in a seismicly active region, allowance must be made for seismic loads. The relative

duct motions at expansion joints must remain within the motion limits of the joints.

II.3-10




Duct Geometry

Ductwork may be either rectangular (or square) or circular (or elliptical) in
cross section. Each geometry has advantages and disadvantages, and most FGD vendors have
a specific preference for one or the other if the FGD system specification permits the vendor

to make this decision.

Rectangular cross section ductwork is more commonly used than circular
ductwork, because it is easier to fabricate in the field and easier to scaffold when outage
maintenance is required. Rectangular cross section ducts also require less complicated
supports on the structural steel. However, rectangular ductwork must be externally stiffened
and may include internal bracing as well. Internal bracing reduces the amount of external
bracing needed; however, the use of internal bracing imposes its own penalties. The
bracework can accumulate significant amounts of scale that must be removed during
scheduled outages, and promotes liquid re-entrainment in the flue gas. Historically, the
internal bracing has also experienced major corrosion problems, and adds significantly to the
complexity of construction when alloy wallpaper lining is used. Recent rectangular ductwork
designs have tended to reduce the amount used as much as possible or to avoid internal

bracing altogether.

Circular cross section ducts are intrinsically stiffer than rectangular ducts and
require less supplemental stiffening and external support, but historically, are less common
than rectangular ducts. A circular duct has significantly less wall surface area than a
rectangular duct with the same gas carrying capacity, as illustrated by Figure 3-4. A circular
duct has 11.25% less wall surface area than a square duct of equal capacity. Compared to a
rectangular duct with an aspect ratio (height-to-width ratio) of 2:1, a circular duct of equal
capacity offers a 16% reduction in wall surface area. Compared to rectangular ductwork with
an aspect ratio of 3:1, a circular duct with equal capacity provides a 23% reduction in surface
area. These reductions in surface area reduce both the cost of external insulation and the

expense of costly alloys, if corrosion-resistant alloy construction is selected. Both fiber-
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Impact of Basic Operating Mode Decisions--Decisions concerning basic

operating modes constrain materials selection for the ductwork, which can have a large effect

Duct Geometry
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complexity of construction when alloy wallpaper lining is used. Recent rectangular ductwork
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Circular cross section ducts are intrinsically stiffer than rectangular ducts and
require less supplemental stiffening and external support, but historically, are less common
than rectangular ducts. A circular duct has significantly less wall surface area than a
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rectangular duct with an aspect ratio (height-to-width ratio) of 2:1, a circular duct of equal
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reinforced plastic (FRP) and vitreous ceramic brick lined ducts are necessarily circular for

structural and fabrication reasons.
Resonance, Vibration, and Oil-Canning

Other important mechanical considerations are resonance, vibration, and 'foil-
canning.” There have been instances in which turning vanes within ductwork resonated with
the induced draft fans, resulting in rapid weld failure of the adjacent ductwork. Remediation
required a re-design ot: the turning vanes to alter their natural frequency and eliminate the
resonance. Every reasonable effort should be made during design to assure that the natural
frequencies of turning vanes and similar structures are significantly different than those of the

ID fans (if resonance does occur, modification of the ductwork will be essential).

Flue gas pressure pulses within the ductwork can cause elastic bowing or
flexing of the duct walls, a phenomenon called "oil-canning." The effect is common in
rectangular ducts, and probably rare in circular ducts. Excessive oil canning has been
implicated in the failure of reinforced resin linings in outlet ducts.’ '

3.23 Other Considerations

Other considerations include the following:

. Liquid re-entrainment;

o Drainage;

] Insulation; and

. Emergency quench provisions

" Attribution to this mode of failure is anecdotal by coating manufacturers, but is
consistent with the appearance of fracturing in some older, more brittle coating formulations.
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Liquid Re-entrainment

As discussed in Part I, Section 4.5--Wet Stacks, liquid re-entrainment is an
important aspect of duct design because re-entrainment is the primary mode by which rainout
droplets are incorporated into the flue gas plume leaving the stack. Minimization of liquid re-
entrainment is particularly critical in the design of wet duct systems. Internal bracing and
sharp ledges greatly increase re-entrainment, and should be minimized, particularly in wet

duct systems.
Drainage

Adequate drainage of the liquids from the duct is a critical aspect of good
outlet duct design and is commonly inadequately addressed. Poor drainage contributes to
droplet re-entrainment and solids accumulation. Poor drainage also increases corrosion of

duct materials, particularly on the duct floors.

Repeated experience at existing utility FGD systems has shown that flat-
bottomed ducts do not drain aiieqliately. The inevitable bowing and warpage of the structural
plates results in liquid pooling on the duct floors (2-5). Consequently, it is strongly
recommended that rectangular ducts be constructed with dihedral false floors having at least
3° slopes at all points. The floors also need to slope longitudinally (lengthwise down the

ducts) toward drains.

Circular ducts intrinsically provide better drainage than rectangular ducts, but
should also be slightly sloped longitudinally and provided with adequate drains to prevent

pooling at low spots.
As a practical matter, it may be desirable to conduct a pooling test after

construction by washing down the duct with water. If undrained low spots are discovered, it

may be necessary to add supplemental drains.
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Turning vanes and internal braces, if present, also should be designed to

minimize pooling of liquids.

While the potentially wet portions of the inlet ducts are short and of simple
geometry compared to the outlet ducts, it is critical that these duct sections drain toward the

absorbers. Otherwise, liquid can migrate from the sections designed for wet service to the

hotter sections constructed of carbon steel, resulting in severe corrosion.
Insulation -

FGD gas inlet ducts are insulated to prevent formation of acidic condensates
upstream of the inlet breachings to the absorbers and for personnel protection from hot
[150°C (300°F)] metal surfaces. Outlet ducts are insulated to minimize heat loss through the
duct walls. In wet ducts, or the wet duct portions of reheated systems, insulation reduces the
amount of liquid formed in the duct, reducing both drainage requirements and the potential

for moisture re-entrainment. Insulation in reheated ducts conserves the heat of the gas stream.

Most ductwork is externally insulated with batten type insulation covered with
metal lagging. Proper insulation of the external stiffeners of the ductwork is frequently
overlooked. External insulation should be designed to insulate both the duct walls and the
stiffeners. A common, but unacceptable, practice is to insulate between the external stiffeners,

while securing the lagging to the stiffeners. This practice will result in cold areas on the duct

walls and can lead to increased corrosion. It also will cause rapid failure of reinforced resin
linings due to the cold wall effect described in Part I, Section 5.5.3--Modes of Failure.

Two materials-of-construction options for ductwork--vitreous ceramic brick and
foamed borosilicate glass block--do not require external insulation because these materials are
themselves quite good thermal insulators. The elimination of requirements for external

insulation results in a significant cost reduction for ducts using these materials.
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Emergency Quench

If outlet ducts are lined with reinforced resins, or are constructed of FRP, the
design of the outlet ductwork should include provisions for fail-safe emergency quenching of
the gas in the event of an emergency bypass around the FGD system or of a system upset

such as simultaneous air preheater failure and loss of absorber sprays.”

33 Material Selection

Materials-of-construction options for FGD systems are reviewed in detail in
Part I, Section 5--Materials-of-Construction Options. Materials selection options for duct
construction are summarized below, using the corrosive environment zones defined in Part I,

Section 5.3.1.

3.3.1 Ducts

The discussion of materials selection for ducts is divided into consideration of

the following:
. Inlet ducts and plenum;
. Outlet ducts without reheat;
° Outlet ducts with indirect reheat;
. Outlet ducts with direct bypass reheat; and

* This unlikely sounding event actually occurred in an FGD system because of a
lightning strike that cut all internal and external power to the plant. The accident destroyed
the reinforced resin linings of the absorbers and outlet duct and melted the polypropylene mist
eliminators. An even worse catastrophe is an absorber fire. In several cases, welders have
inadvertently ignited resin or rubber tower liners, or in at least one case, scaffolding within
the absorber. Temperatures in absorber tower fires are known to have exceeded 1260°C
(2300°F). However, absorber fires are not the result of operational upsets and can be
excluded from the maximum credible operational accident scenario.
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o Bypass ducts.
Inlet Ducts and Plenum

The inlet plenum and absorber inlet ducts upstream of the point where moisture
first forms on the duct surfaces is subjected to dry, SO,-rich gas with typical temperatures of
93 to 166°C (200 to 330°F). Excursions to 316°C (600°F) may occur during air preheater
failure. The preferred material of construction for this portion of the ductwork is unlined

carbon steel. -

From the point in the absorber inlet duct where moisture first forms on the duct
surfaces until the gas enters the absorber or pre-scrubber, the duct surfaces are subjected to
fluctuating temperatures as the gas quenches to adiabatic saturation, approximately 52 to 60°C
(125 to 140°F). This creates extremely aggressive wet/dry zones on the duct walls and
promotes the formation of extremely acidic condensates. There is also the potential for severe

thermal excursion during boiler air heater failure.

The most widely used materials for this zone are the C-Class alloys, which
include Alloys C-276, C-22™, 59™, 622TM, 686™, and Allcorr 41™, typically erected as
solid plate or mill-clad plate (see Part I, Section 5.6.2--Alloy Construction Options for a
discussion of alloy construction options including solid plate, mill-clad plate, and wallpaper
construction). Alloy 625 is used when high strength as well as corrosion resistance is

required.

Although not widely used, vitreous ceramic brick over a urethane membrane on
carbon steel (see Part I, Section 5.7.3--Vitreous Ceramic Tile and Brick) would also be quite
suitable for this zone. Note, however, that for structural reasons, ceramic brick can be

installed only in circular or elliptical ducts.
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The G-Class nickel-base alloys, stainless steels, and resin-reinforced linings
have frequently failed to yield satisfactory results in the wet portions of absorber inlet ducts.
Gunited cement linings should not be considered for any FGD duct application except as an

overcoat to foamed borosilicate glass block, as discussed later in this section.
Outlet Ducts Without Reheat

With some rare exceptions where reheat occurs within the absorbers above the
mist eliminators, no reheat occurs in the outlet ducts leaving the absorber modules, and this
portion of the duct work operates as a wet duct. In systems without reheat, this wet-duct
condition extends through the outlet plenum through the stack breaching. The wet-duct
environment is characterized by the presence of saturated gas with entrained moisture droplets
that impinge upon and adhere to the duct wall. Moisture condensation also occurs on the duct
walls, and the liquid films continue to absorb residual acid gases from the flue gas, producing
highly acidic conditions. Unless drainage is good, highly acidic condensate pools form on the
duct floor. Ionic solids, including chlorides and fluorides, tend to concentrate in these acid
films even in the absence of evaporative concentration (5). In addition, temperature
excursions to 316°C (600°F) are possible with simultaneous loss of air heater and absorber

sprays or during an emergency bypass of untreated flue gas.

Non-reheated outlet ducts have historically been constructed of corrosion-
resistant alloys or reinforced resin coated steel. G-Class alloys, and possibly superaustenitic
stainless steels (those containing >6% molybdenum plus nitrogen), are the minimum
recommended alloy grades for non-reheated outlet ducts of low-chloride systems. As
discussed in Part I, Section 5.6.1--Alloy Products and Corrosion Resistance, the less
corrosion-resistant grades of stainless steel (i.e., Type 316L, Type 317LM) have repeatedly
demonstrated unsatisfactory performance in non-reheated outlet ducts of even low-chloride
systems. The superaustenitic stainless steels have somewhat better resistance to the acidic
outlet duct conditions than the lower grades of stainless steel, but experience with the

superaustenitic 6% molybdenum stainless steels in non-reheated outlet duct service is too
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limited for an assessment of their performance at this time. Alloy 625 and C-Class alloys
may be best for wet ducts of low-chloride systems. Alloy 625," C-Class alloys, and titanium
are the only alloys that should be considered for higher-chloride wet outlet ducts (6).

Historically, reinforced resin linings in non-reheated outlet ducts have yielded
relatively poof performance, requiring major repairs or replacement at intervals of three to six
'years (6). Many of these systems used polyester-based and vinylester-based resins, with‘the
vinylesters apparently giving better results than the polyesters. More recently, formulations
based on Novalac epoxy-melamine-phenolic blends have shown promising results, and appear
to be more durable than the vinylesters. However, these products have not been in use for a
long enough period of time at a sufficient number of locations for an accurate prediction of
their reasonable service life expectancy. Reinforced resins are discussed in detail in Part I,

Section 5.5--Sheet Elastomer and Reinforced Resin Linings.

Note that many resin coating products may be reformulated in response to the
Clean Air Act Amendments of 1990, particularly to reduce or eliminate the use of aromatic
amine curing agents and styrene crosslinking agents. At this time, the effects of reformulation
on long-term lining performance have not been demonstrated by years of utility operating

experience (6).

If the product is flake-reinforced, glass flakes (glass mat where abrasion is
high) should be specified. A variety of other reinforcing or filler materials, such as silicon
carbide and alumina, are also sometimes used, particularly in abrasion-resistant (AR)
formulations. Fillers should be non-reactive in sulfuric acid at 82°C (180°F), and should not
themselves be porous. Mica flakes should be prohibited, because they react with sulfur

oxides.

* While the C-Class alloys have sightly higher resistance to chlorides than Alloy 625, this
difference does not become apparent until chlorides reach very high levels, probably above
15,000 ppm. Alloy 625 has significantly higher strength than the C-Class alloys, and is used

when mechanical and fatigue strength are important considerations, for example, in wet
induced-draft fans.
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The nominal thermal limit of resin-based liners is 82°C (180°F) in wet service.
Dry service ceiling temperature vary with resin: 121°C (250°F) for polyester and epoxy, and
182°C (360°F) for vinylester. However, all of these linings will fail rapidly if exposed to
sharp wet/dry thermal excursions (6).

A foamed borosilicate glass block lining (see Part I, Section 5.7.5) is an
alternative to reinforced resin linings. The foamed borosilicate glass block system consists of
sealed-cell borosilicate glass blocks, attached to the steel substrate by a thick polyurethane
asphaltic mastic applied to the back and sides of each block and to the steel substrate. The
urethane mastic provides the ultimate barrier against corrosive moisture. The foamed
borosilicate glass block lining is an extremely efficient thermal insulator. The thermal
stability and insulating properties of the block protect the urethane membrane and render the
system immune to even severe and repeated thermal excursions. The need for external
insulation is also eliminated. The borosilicate glass is also essentially chemically inert and is

impermeable to moisture and acidic condensates (except hydrofluoric acid).

Borosilicate glass block is very light in weight and can usually be installed in
steel ductwork without increasing the external stiffening or internal bracing. The entire
system is slightly flexible and can tolerate slight flexing (oil-canning) of the duct walls.
However, foamed borosilicate glass block has one significant shortcoming that must be
considered. The standard block is extremely friable (brittle and easily crumbled). Block on
the duct floor can be damaged by personnel walking in the duct or by wheelbarrows brought
in to remove solids buildup. Walls can be damaged by accidental ramming or scraping by
wheelbarrows. Instances of severe erosion have been reported in outlet ducts with geometries
that created high-velocity flue gas impingement areas on lined surfaces. The material cannot

be hydro-blasted or sandblasted to remove fly ash deposits.
To compensate for the extreme friability of the block, some utilities have

installed foamed borosilicate glass block, then gunned approximately 12.5 mm (0.5 in.) of

potassium silicate gunite over the floors and lower walls for protection against
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mechanical damage. In such applications, some cracking of the gunite is quite acceptable,

since its only function is to dissipate point loads on the glass block.

EIf Atochem, the manufacturer of the foam borosilicate block, has produced a
modified block product designed specifically to overcome the susceptibility to erosion. This
block is provided with a skin of crushed borosilicate glass/silicate mortar on one side,
providing a tough outer wear surface. The prevailing strategy is to apply regular block .over
the entire lined surface. If local erosion problems appear, the affected areas can be relined
with the more expensive modified block. -

In recent years there has been increasing interest in free-standing FRP ductwork
for utility FGD applications, based on the diverse experience with FRP ducting in non-utility
FGD-like applications in the metal smelting and pulp and paper industries. FRP for utility
FGD applications is discussed in Part I, Section 5.8.2--Free-Standing FRP Structures.

Vinylester appears to be the current resin of choice for free-standing FRP
structures. Improved performance can be obtained from brominated vinylester resins, and
these should probably be specified for future ducts and stack liners. Thermal tolerance can be
further increased by the addition of powdered graphite filler to increase the thermal

conductivity of the composite laminate.

Despite its apparent potential, successful use of FRP in FGD duct applications
has been hampered by a lack of clear standards for design and fabrication. The proper design
of FRP equipment entails complexities beyond the typical issues confronting designers, and
the special nature of FRP composites is easily overlooked, even by competent engineers.
Consequently, large FRP structures are typically designed and fabricated as a package by a
few highly specialized vendors. The very specialized engineering knowledge required for the

design of large FRP structures can make it difficult for utilities to evaluate bid responses.
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Outlet Ducts with Indirect Reheat

The corrosive environment created by indirect reheat methods, including inline
reheat, is more aggressive than the non-reheated environment. As discussed above, indirect
reheat rarely produces dry gas, but instead results in partially evaporated droplets suspended in
the gas stream until they impinge on the duct surfaces. Thus indirect reheat increases
corrosiveness by increasing temperature and concentrating dissolved solids in the remaining

moisture films. TFhe more corrosive indirect reheat conditions extend from the heat source or

point of hot air injection through the stack breaching.

The alloys most widely and successfully used in this environment are the
C-Class alloys and titanium, though Alloy 625 is perhaps the minimum grade suitable for
reheated outlet duct applications (6).

G-Class alloys, the least corrosion-resistant grade of nickel-base alloy
commonly used in FGD applications, has experienced severe pitting in reheated outlet duct
service, requiring retrofit lining (wallpapering) with Alloy C-276 (6). The superaustenitic
stainless steels may be expected to provide similar results because their resistance to aclzidic,
high-chloride environments is similar. These alloys are not recommended for use in this

application.

Although vitreous ceramic brick, discussed in Part I, Section 5.7.3, has not
been widely used in FGD ducting, this option is worthy of consideration. The vitreous
ceramic brick is applied in one or two courses over a urethane membrane within a circular or
elliptical duct, and grouted with a furan mortar. The material is ‘effectively immune to most
acids and abrasive wear, and is immune to thermal excursion. The brick has significant
insulation properties, protecting the urethane membrane which is the final corrosive barrier,

and eliminating the need for external duct insulation. However, for structural reasons,

vitreous ceramic brick linings can be installed only in circular or elliptical ducts, and the
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weight of the lining means that the duct supporting structures must be more robust than for

other materials options.

The foamed borosilicate glass bloék described previously also can effectively
resist the indirect reheat environment. Based on the information in Part I, Section 5.8.2, free-
standing FRP ducting, especially if based on brominated vinylester, should withstand indirect

reheat service. Reinforced resin linings on steel are not recommended for this service.

Outlet Ducts with Bypass Reheat

The mixing of SO,-rich, untreated flue gas and wet, treated flue gas creates
extraordinarily corrosive conditions. The sulfuric acid concentration of initially formed
moisture films has been estimated to be 70% or higher, and the acid concentration of samples
collected from pools in low spots on duct floors downstream of bypass mixing zones
exceeded 12% sulfuric acid (2,3). Hydrogen chloride and hydrogen fluoride in the untreated
gas are also effectively partitioned into the moisture films, adding to the corrosiveness. Even
when perforated plates and other structures have been used to promote mixing, mixing of the
treated and untreated flue gas appears to be universally poor, with the re;ult that duct surfaces
in the mixing zones are alternately exposed to moisture films and hot, dry gas that evaporates
the films and increases the concentrations of corrosive constituents. The extremely hostile
conditions extend from the point where the gas streams begin to mix all the way downstream
to the stack.

Material selection options are extremely limited for bypass reheat zones and the
downstream ducting. C-Class alloys and titanium are the current materials of choice, though
failures of even these highly corrosion resistant alloys have occurred under bypass reheat
conditions (2,3,6). Many of the installations of these alloys have been retrofits. Corrosion of
Alloys C-22 and C-276 at rates of 100 to 250 um/yr (4 to 10 mil/yr’) with broad, shallow
pitting have been documented (2,3,6). Titanium has suffered similar attacks in comparable

1 mil = 1/1000 inch.
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locations (7). Usually, the attack has been limited to a small fraction of the total duct surface,

where conditions are severe enough to corrode these normally highly resistant alloys.

The vitreous ceramic brick discussed above may provide better resistance to
direct bypass conditions than the C-Class alloys and titanium, but experience with this option

is limited.

Bypass Ducts

Upstream of the bypass damper, the environment within bypass ducts is
identical to that within the dry portions of absorber inlet ducts, and the preferred material of
construction is unlined carbon steel. However, unless the bypass duct vents to a separate flue,
the environment within the bypass duct downstream of the bypass damper becomes extremely
corrosive as soon as moisture or acidic condensate begin to form. In these areas the

materials-of-construction options for bypass outlet ductwork should be followed.

3.3.2 Expansion Joints

The function of expansion joints in FGD ductwork is to absorb relative motion
between the different sections of the ductwork and fixed components such as the absorber
modules. Corrosion and twisting have been major threats to metallic expansion joints.
Consequently, virtually all expansion joints used in FGD ductwork downstream of the
particulate removal system are made from reinforced fluoropolymer sheet, typically 4.8 mm
(0.1875 inch) thick. Some expansion joint belts are coated on the process side with TFE for
increased chemical resistance. The reinforcement may be aramid or glass-aramid fiber, woven
glass mat, woven or knitted wire, or a combination of fiber and wire. Table 3-2 compares the
mechanical properties of typical expansion joints made with the three reinforcing systems.

Table 3-3 gives some nominal dimensions and movement allowances.
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The fluoropolymer sheet is highly resistant to the acidic condensates
encountered in FGD ductwork, but has been attacked by calcium hydroxide in lime-based

FGD systems in which a process upset transported unreacted lime onto the expansion joint.

The fluoroelastomer has enough abrasion resistance that protective baffles are

not normally required. The life expectancy of high-quality reinforced fluoroelastomer

expansion joints is typically about six years. Several factors contribute to shortened joiﬁt life:

o Excessive relative motion, especially excessive twisting and/or rocking;
. Flow-induced flutter in joints immediately downstream of louvers or
dampers;
. Accumulation of cementitious fly-ash or slurry deposits in the bottom of
" the joint; and
o Improper torquing of the gasket retaining bolts, allowing gas leakage

around the gasket.
34 Recommendations

o The decisions of whether to reheat and how to reheat the flue gas, and
whether hot gas will be bypassed through the FGD ducts on startup and
shutdown, should be made as early as possible because these have major
impacts on duct design that can, in turn, have significant impacts on
plant cost.

o Bypass reheat should be avoided if at all possible because of the
probable materials-of-construction problems.

. The ducting must be sufficiently stiff and supported to withstand the
maximum design loads, which include the following:

- Ductwork weight,
- Insulation and lagging,

-- Maintenance activities,
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3.5

-- An allowance for anticipated accumulated scale or muck
carryover, and

-- Natural phenomena such as wind, snow, rain, and seismic
activity.

o Relative duct motion at expansion joints must remain within the motion
limits of the joints.

o Interior bracing should be minimized or preferably eliminated entirely.
. Ductwork should be designed with rigorous attention to drainage.

o Rectangular ducts should be designed with sloping floors to assure

drainage.
. Table 3-4 summarizes material selection recommendations.
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4.0 FLUE GAS DAMPERS

Flue gas dampers are used for two purposes: equipment isolation and flue gas
flow control. In an FGD system, isolation dampers are located at the inlet and outlet of each
absorber module to allow a module to be removed from service, either to reduce power
consumption at low unit load or to perform internal maintenance. Isolation dampers may also
be found in some FGD system bypass ducts. Flow control dampers are found primarily in the
bypass ducts of systems using bypass reheating (see Part I, Section 4.6--Flue Gas Reheat). At
one time, flow control dampers were commonly placed in the absorber module inlet ducts to
regulate the flue gas flow or to balance the flow between modules. These dampers were only
marginally effective and, in recent FGD systems, have been superseded by improved gas

modeling and ductwork design.

4.1 Types Available

In general, the very different operating requirements of isolation and flow
control service require the use of different types of dampers. Where "man-safe"" isolation is
required, guillotine dampers are used. Where a minor amount of flue gas leakage across the
damper is allowable, such as in a bypass duct, either guillotine or louver dampers are used. If
quick opening of the damper is important, as is commonly the case in a bypass duct, only

louver dampers are acceptable. Flue gas flow control is always provided by a louver damper.

While U.S. electric utilities have used guillotine and louver dampers almost
exclusively for FGD system service, other types, including flap or door-type dampers, have

been used in Europe. Additional information on the various types of flue gas dampers

available and a glossary of specialized damper terms is available from the Air Movement and

" A "man-safe" isolation damper is designed to seal off equipment so that maintenance
personnel without breathing apparatus or other special equipment may safely perform
maintenance activities in the isolated section (1). Such dampers may also be termed "zero-
leakage" dampers.
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Control Association, Inc. in their publication "Flue Gas Dampers, Application and

Specification Guide for Flue Gas Isolation and Control Dampers" (1).
4.1.1 Guillotine Dampers

A guillotine damper, as shown in Figure 4-1, is an isolation damper with a
blade that can be completely withdrawn from the duct area when the damper is fully open.
When fully closed, the damper blade serves as a blanking plate across the duct. The damper
shown in Figure 4-1 is a zero-leakage guillotiné damper designed to provide man-safe

conditions downstream.

The damper blade protrudes though the internal damper frame into a
circumferential seal air cavity. Ambient air at a pressure greater than the flue gas pressure is
injected into this cavity to prevent flue gas from entering the seal air cavity. The damper
blade slot in the internal frame is provided with thin sealing strips to reduce the volume of
seal air required. These seal air strips are designed to close together when the damper blade
is removed. Details of a typical blade seal system are shown in Figure 4-2. The details of
damper manufacturers’ seal designs are proprietary and differ widely. Additional information

on seal air systems is provided in Section 4.2.2--Mechanical Considerations.

The most common method of positioning the damper blade in the duct is by a
chain drive system using multiple chains located at both ends of the damper blade’s upper
edge. Either mining chain or high-strength chains specially engineered for this service are
used. Typically two to four drive chains are used, depending on the size and weight of the
damper blade. A drive torque tube connects the drive sprockets for each chain. The drive
torque tube is moved by an electric actuator. The chain drive is arranged such that the
damper blade is driven both open and closed. The weight of the damper blade, while

‘reducing the actuator power consumed, is not relied upon to assist in closing the damper
blade. As an alternative to chain drives, at least one damper manufacturer uses a rack and

pinon drive, with rack elements positioned along both outside edges of the blade.
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NOTE:

Damper blade shown in the closed
position. When open, the blade is
fully withdrawn from the upper
seal chamber.

Damper Blade

S
o
\

-
Seal Retainer ————
\ Re-entry Blade Seal
Blade Seal
Seal Retainer ——————— \ Upper Seal

Chamber

Flue Gas
Duct
Seal Retainer Lower Seal
Chamber
Blade Seal

Figure 4-2. Typical Guillotine Damper Seal Design

Source: EFFOX, Inc. Cincinnati, Ohio
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Pneumatic/hydraulic actuators are also available for guillotine dampers, but are seldom, if

ever, used in FGD applications because of the magnitude of the actuating forces required.
Very large diameter pneumatic/hydraulic cylinders would be required. The alternative

methods are more compact and less costly.

Although the single-bladed guillotine shown in Figure 4-1 is the most prevalent
in the utility FGD service, a double-bladed guillotine with two parallel guillotine blades is
also offered by some damper manufactures. Seal air is provided in the space between the two
blades as well as the peripheral blade seals. While this type-of guillotine damper protects
maintenance workers from potential contact with a hot damper blade, this must be balanced
against the disadvantages that the two blades result in more complicated drive systems, greater

capital costs, and greater weight.
4.1.2 Louver Dampers

Whereas guillotine dampers retract their blades from the gas stream when open,
a louver damper has one or more blades that rotate and remain in the gas stream at all times

(1). Louver dampers vary in the number of blades and the relative directions of blade

rotation as well as in a wide variety of manufacturer-specific details.

A single-bladed louver damper is also called a butterfly damper, and resembles
a large butterfly valve. The single blade is usually round and rotates about its diameter. In
most cases, the axis of rotation is horizontal so that the blade shaft seals are not exposed to
any condensate or floor deposits that may form. Butterfly dampers can be used for either
isolation or flow control service. In FGD systems these dampers are frequently used in
damper seal air ducts and absorber module vent ducts, but are not used in the large flue gas

ducts.

A "multi-louver" damper, such as shown in Figure 4-3, consists of several

parallel damper blades and is the predominant louver damper type used in FGD system ducts.
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Unless otherwise indicated, when the term louver damper is used in this manual, the damper
is a multi-louver damper. The individual blades of a louver damper are connected by external
linkages and are usually driven by an electric actuator. Pneumatic operator may be used on
some installation where fail-safe opening of the damper during a power outage cannot be

otherwise assured.

On most designs the edges of each blade are equipped with thin seal strips that
form the blade-to-blade seal when the damper is closed. Frame seals (also called jamb seals)
are located on the sides of the damper frame at the end of the blades. The jam seals prevent

flue gas from leaking around the ends of the damper blades.

Louver dampers can be further categorized by the relative directions that
adjacent blades move in, as illustrated in Figure 4-4. Opposed-blade dampers have broader
and more linear flow control characteristics, and are used in flow control applications such as
a bypass reheat control damper. Parallel-blade dampers have better sealing characteristics,
and are used in isolation service. Although a single parallel-blade damper does not isolate as
well as a guillotine damper with peripheral seals and cannot provide man-safe conditions
downstream, it acts much more quickly than a guillotine. For this reason, parallel-blade
dampers are often found in bypass ducts when the ability to quickly byp.ass the FGD system is

desired and a small amount of leakage can be accepted.

In some cases, the capabilities of both an opposed-blade and parallel blade
damper are desired at the same location. Iﬁ such cases, these two damper types may be used
in series, with an upstream parallel-blade damper providing isolation and the opposed-blade
damper providing flow control. For zero-leakage applications, two parallel-blade dampers in
series can be used and seal air injected between the stages. These arrangements may consist
of two separate dampers with individual damper frames, or both sets of blades may be

installed in the same frame, as shown in Figure 4-5.
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4.2 Design Considerations

4.2.1 Process Considerations

The principal process considerations that affect the design of the flue gas
dampers are the determination of whether the dampers will isolate equipment, control gas
flow, or both. These considerations are discussed above. Other important process

considerations are the following:

. Man-safe isolation;
o Flue gas pressure drop; and
. Damper orientation.

Man-Safe Isolation

Man-safe isolation of absorber modules is required in order to conduct internal
maintenance of an isolated module with the boiler on line. Examples of potential internal
maintenance activities include inspection, repair, or replacement of mist eliminators, spray
nozzles, spray headers, and absorber linings. If a spare absorber module is installed, on-line

maintenance of this module is impossible without the use of man-safe isolation dampers.

Man-safe isolation assumes that no flue gas can leak past the damper into the
isolated area. Although two-stage louver dampers such as those shown in Figure 4-5 may
provide man-safe conditions if all seals are in good shape and sufficient seal air is provided,

guillotine dampers predominate for such applications in the United States.
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Flue Gas Pressure Drop

Because the blade of a guillotine damper is completely withdrawn from the flue
gas path and the damper frame has the same cross section as the duct, no appreciable drop in
flue pressure occurs with the damper in the open position. Some very small pressure drop
may occur if internal damper blade supports are used. Such supports are used on very wide
guillotine dampers to resist bending of the blade during opening and closing and to guide the
blade into the lower frame seals.

The blades of a louver damper block 10 to 25% of the duct cross section even
in its full-open position and induce turbulence in the flue gas downstream of the damper. As
a result, the flue gas pressure drops. The magnitude of the pressure drop depends on the

shape and position of the damper blades and the velocity of the flue gas.

Damper Orientation

A damper’s orientation can be classified by the orientation of the duct in which
it is installed (vertical or horizontal), and by the orientation of the damper blades. Although
other designs have occasionally been used in the past, virtually all guillotine dampers in FGD
system service are installed in a horizontal duct, and the damper blade enters the duct from
the top (i.e., top-entry). The few bottom-entry guillotine dampers that were installed had very
poor performance because acidic condensate pooling in the bottom of the duct corroded the

drive mechanisms, and most have been replaced with top-entry designs (2).

Louver dampers are also most commonly installed in horizontal ducts, and the
damper blades run horizontally across the duct. If the blades were installed vertically,
deposits on the duct floor would hinder the operation of every blade. Vertical blade design
would also complicate the design of the damper shaft bearings. Louver dampers can be
installed in vertical ducts with no special design changes. If such dampers are used in

normally closed service, deposits may accumulate on the upper surface of the blade and fall
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into the lower duct when the damper is opened. This can present a maintenance hazard in

some cases.

4.2.2 Mechanical Considerations

The mechanical design of dampers is very complex and a detailed discussion of
all of the design factors is beyond the scope of this manual. Information on the mechanical
design of dampers is available from major damper manufacturers and the technical literature
(1-5). The following mechanical considerations are especially applicable to dampers used in

conjunction with FGD systems:

o Seal air system;
. Damper actuation time; and
. Duct deposits.

Seal Air System

The seal air system prevents the flue gas in the duct from leaking around the
closed damper blade and into the isolated component and, therefore, is a critical aspect of the
design of man-safe isolation dampers. The critical nature of this system is illustrated by the
fact that an isolated component (i.e., an absorber module) usually must be evacuated if the
seal air fan to the damper(s) fails or is unable to meet its required performance. The
following discussion is based on guillotine dampers since almost all man-safe damper
applications in the utility industry use guillotine dampers. A seal air system for a two-stage

louver damper such as was shown in Figure 4-5 would be very similar.

The performance of a damper seal air system is measured by its ability to
maintain a pressure in the seal chamber of 750 to 1250 Pa (3 to 5 inwg) above the pressure
on the flue gas side of the damper. The seal air flow rate depends on the total leakage path
around the damper blade. This path is kept as small as possible by the thin damper seal strips
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that were illustrated in Figure 4-2. The required seal air flow is based on the differential
pressure and a calculated gas path considering some normal seal strip wear and damage. In
sizing the seal air fan, a factor of safety of two or greater is then applied to the calculated

flow rate.

Most frequently, the seal air for each isolation damper is provided by a frame-
mounted seal air fan, In some cases, two fans will be supplied for redundancy or, on very
large dampers, to reduce the size of fans. A butterfly damper is located in the short duct
from the fan to the seal chamber to allow maintenance to the-fan. In most cases, the seal air
fan runs continuously even when the damper is in the open position. This prevents flue gas
from entering the seal chamber. As the flue gas cools, acid gases would condense in the seal
air chamber, creating very corrosive conditions. Even when the seal air fans are designed to
operate continuously, the seal air fan, ductwork, and damper should be oriented to prevent any

condensate that might form from running into the duct and damaging the damper and fan.

Some FGD system designs have elected to provide one or two central seal air
fan systems capable of providing the seal air to several dampers. A central seal air fan may
reduce capital and maintenance costs by replacing a number of smaller fans and motor drives
with fewer, larger-capacity fans. Some of the money saved in the reduction in fans, however,

is lost to longer seal air duct runs and the accompanying pressure losses.

In the past, some utilities installed seal air heating systems to raise the
temperature of the seal air above the dew point of sulfuric acid [approximately 75°C (170°F)].
In theory, heating the seal air reduces the potential of acid condensation in the seal air
chamber and on the damper seal strips. In practice, however, seal air heating equipment

proved to be unreliable, and is no longer recommended (2).

Guillotine dampers can be purchased with or without bonnets that enclose the

damper blade when in the open position. In some designs, the seal air system pressurizes this
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bonnet as well as the damper seal chamber. In most case, damper bonnets are not required

and may provide a location for condensation of acidic flue gas.

The seal air pressure requirement must be met at all points in the seal chamber.
This can be difficult if the lower seal chamber becomes clogged with deposits pushed into the
chamber by the damper blade. Clean-out ports should be located at both ends of the lower
seal air chamber to facilitate the periodic removal of these solids. The chamber should also
be equipped with a drain to permit the removal of any duct or seal chamber wash water or of

acidic flue gas condensate that enters the chamber. -

In many cases, the pressure in, the seal air chamber is continuously monitored

and low pressure trips an alarm in the FGD system control room.
Damper Actuation Time

The times required for an isolation damper to go from its full-open to full-
closed position or from its full-closed to full-open position are referred to as the damper )
actuation times. For a louver damper these times may be nearly identical. For a guillotine
damper, with a heavy damper blade to move, closing times may be somewhat less than

opening time.

Generally, when an actuation time of less than 30 seconds is required, a louver
damper is used. The primary demand for such a quick actuation time is in a normally closed
bypass damper that would be opened to provide an open gas path from the boiler to the stack
in the event of the loss of electrical power to the FGD system or the entire plant. Obviously,

in this eventuality, the damper’s electric actuator should be placed on the plant’s emergency

power grid.

The travel speed of a guillotine damper blade during opening or closure is

typically in the range of 1.3 to 2 m/min (4 to 6 ft/min). A large inlet duct may be over 3 m
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(10 ft) high, and complete opening or closure of the damper may require two to three
minutes. For this reason, guillotine dampers are used in services that do not require quick

actuation times, principally absorber module isolation.
Duct Deposits

Deposits of fly ash and absorber slurry solids can be expected to accumulate
over time in the FGD system ductwork, especially on duct floors. The design of the dampers
must consider how the actuation of the damper will be affected by such deposits.

For a normally open guillotine damper such as an absorber inlet or outlet
isolation damper, the damper blade must push through these deposits. The damper drive
system, including the actuator motor, must be sized to provide sufficient power to break
through a reasonable amount of deposits. Often this capability is tested in the manufacturer’s
shop by breaking through 150 mm (6 in.) or more of synthetic deposits placed on the damper
floor. The damper seals must also be rugged enough to withstand this abuse without

permanent deformation that would affect their performance.

For a guillotine damper that may remain closed for extended periods of time
(such as an isolation damper of a spare absorber module), the damper drive system and
actuator must provide sufficient break-away power to overcome any cementation of the blade
to the frame that may have occurred. As discussed later, the opening power requirements of a

guillotine damper are much greater than the closing power requirements.

For a normally open louver damper such as a bypass flow control damper or a
normally closed damper such as a bypass isolation damper, the duct deposits may make
movement of the damper blades difficult if the blades have remained in one position for a
long period of time. This problem is particularly acute for the bottom damper blade for two
reasons. First, the duct floor is the area where deposits are likely to be greatest. Second, if

the other blades move more freely, the total torque of the actuator can be applied to this
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damper blade, which can result in damage to the blade and its linkages. For this reason, some
louver dampers are fabricated with two damper actuators and drive linkages. One set

positions only the lowest blade; the other, all of the remaining blades.

For any damper regardless of its service, it is a very good operating procedure
to periodically move the damper blades through their complete range of motion in order to

prevent the blades from becoming frozen in one position due to duct deposits.
4.2.3 Other Considerations -

Maintenance access to the dampers must be addressed in the layout of the
maintenance access platforms, ladders, and stairs; and of the overall FGD system. Routine
maintenance access is required to the damper drive components, seal air fans, and seal strips.
Replacement of damper drive actuators, louver damper bearings, and seal air fans should be
considered when determining where to place platforms and hoists, and whether access should
be by ladder or stairway. Some damper manufacturers design their damper seals to be
replaced from inside the duct, in which case there are fewer access requirements imposed.
All louver dampers and some guillotine dampers follow this design option. Some guillotine
dampers, hbwever, require replacement of the seals from outside the duct, in which case
additional permanent or temporary platforms may be required to service the lower seal

chamber.

Dampers represent some of the largest and heaviest removable components in
an FGD system. While the complete replacement of a damper is not a common occurrence,
the layout of the FGD system should provide access to each damper location by a crane

capable of lifting the damper out of the duct and lowering it to the ground.

In designing the insulation and lagging system for the ducts in which the

dampers are placed, consideration should be given to the required maintenance access to

I1.4-16



exterior drive components and seal chambers and to the potential for removal and replacement

of the dampers.

4.3 Material Selection

Depending on their location in the FGD syster'n, dampers may be exposed to
the mildly corrosive conditions of the hot, untreated flue gas or the very corrosive conditions
downstream of the FGD modules. The materials of construction used in the fabrication of
FGD dampers must consider these operating conditions, the effect on FGD system reliability
of damper failures, the long lead times and difficulty in replacing dampers, and the high

capital cost of dampers fabricated from corrosion-resistant alloys.
4.3.1 Guillotine Dampers

The recommended damper frame material depends on the chloride content of
the FGD system slurry. In low-chloride systems (less than 10,000 mg/L chloride), the bodies
of guillotine dampers are frequently carbon steel clad on the process face with one of the 4%
molybdenum austenitic stainless steels, such as Type 317LM, Type 317LMN, or Type 904L.
Channels are of similar alloys. In higher-chloride systems (greater than 10,000 mg/L
chloride), the clad would normally be Alloy 625, Alloy H-9M, or one of the C-276 family of
alloys. Alloys of the 6% molybdenum superaustenitic family, such as Alloys 6XN and 254
SMO, may also be suitable where their exposures to the hostile FGD environment are
relatively brief, but experience with these alloys is limited. With the exception of the damper
blades, these récommendations apply to all portions of the damper that may be exposed to the

flue gas, including the seal air chamber.

Guillotine damper blades are exposed to the corrosive flue gas environment
only when the dampers are closed, but are exposed to weathering when the dampers are open.
For inlet isolation dampers, ASTM A-242 carbon steel may be adequate. Some installations

have selected one of the austenitic stainless steels listed above. The recommended material
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for the outlet isolation damper blades ranges from Type 317LM for low-chloride systems
where all of the dampers are normally open (e.g., no spare absorber module), to Alloy 625 for
high-chloride systems where one or more dampers are always closed. The most cost-effective

blade material must be determined on a case-by-case basis considering all such factors of

exposure conditions and durations.

The very thin, flexible seal strips can tolerate very little corrosion, and are
typically Alloy 625 or one of the C-276 family alloys regardless of process chlorides or
damper frame material. -

The seal air ductwork from the damper frame to the seal air damper should be
fabricated from the same materials as the inner damper frame cladding and seal air chamber.
The portions of the seal air damper that could be exposed to flue gas should also be fabricated
from these materials. The seal air fans and ductwork between the fans and seal air damper,
which are not exposed to flue gas or high temperatures, may use materials such as carbon
steel and FRP.

4.3.2 Louver Dampers

The internal frames and blades of louver dampers should be fabricated from the
same materials that would be used to fabricate the duct in which they are located. For a two-
stage louver damper where one side of the damper may be attached to a carbon steel duct and
the other to a lined or alloy duct (such as in a bypass duct), each stage should use the same

class of corrosion-resistant materials as its adjoining duct.

Blade and frame jamb seals should be Alloy 625 or one of the C-276 family
alloys regardless of the damper blade material.
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4.4

4.5

Recommendations

Buying dampers as part of the overall FGD system may result in a
competitive situation with the system vendors offering dampers that are
acceptable for the application but possibly not the best choice over the
lifetime of the facility. For this reason, the purchase of dampers under
a separate contract or by technical specification may be beneficial and is
recommended by some architect/engineers and electric utilities (2).

Critical damper performance criteria should be verified by full-scale
testing of the damper at the manufacturer’s factory under simulated
operating conditions. These criteria may include the following:

-- Damper actuation times (open and close) under design
differential gas pressures across the damper;

-- Flue gas leakage rate (maintenance of man-safe conditions) under
design differential gas pressure;

-- Ability to close/open and seal despite deposits on the damper
frame and blade(s);

-- Ability of the drive system and actuator to withstand blade-stall
" conditions without damage or overload.

The operating conditions of each damper should be reviewed very
carefully, and materials of construction for each damper component
appropriate to the expected service conditions should be selected.
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5.0 SLURRY PUMPS

_ The electric utility has extensive experience in pumping abrasive ash slurries;
however, the erosive and corrosive conditions found in FGD systems make the successful
application of slurry pumps a difficult challenge. FGD systems use large centrifugal pumps to
recycle slurry from the reaction tanks to the absorber spray headers. Centrifugal pumps are
also used to transfer a variety of other FGD slurries, including lime/limestone reagent shurry,
slurry bleed, thickener underflow, and vacuum filter feed.

Since "clear-liquid" pumps are used in many non-FGD applications, and should
therefore be familiar to utility engineers, this discussion will focus on slurry pumps. More
specifically, this focus is on centrifugal slurry pumps. Other pump types are occasionally
used in FGD slurry applications, including progressing cavity, disk, and variable vane pitch
pumps; however, centrifugal pumps are the predominant choice for most utility FGD slurry

applications.

Much has been published on pumps in general and on centrifugal slurry pumps

in particular. Section 5.5--References lists some information sources on centrifugal pumps

that may be of interest to the utility engineer (1-5).

5.1 Types Available

The centrifugal slurry pumps used in FGD systems can be classified as either
horizontal or vertical pumps. This section describes the available pump types and their
typical applications in an FGD system.

5.1.1 Horizontal Pumps

The horizontal centrifugal pump, illustrated in Figure 5-1, is the most common

pump type for FGD slurry applications. Worldwide, absorber module spray pumps use the
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horizontal centrifugal design exclusively. Horizontal centrifugal pumps are also the most
common pump type used for other FGD slurry applications, although vertical centrifugal
pumps are commonly used in process and washdown sumps. Submersible pumps occasjonally

are used in these sumps, as well.

Two basic horizontal centrifugal pump designs are cuﬁenﬂy used in FGD

applications. These are "clear-liquid" pumps and "slurry" pumps.

"Clear-liquid" pumps, derived from chemical process applications, are intended
for pumping of abrasive-free liquids with specific gravities near 1.0. They lack wear
allowances, are machined to close tolerances, and are generally direct-coupled to the drive
motor with the result that they are driven at synchronous speeds. Clear-liquid pumps should
not be used for FGD process fluids that contain significant amounts of suspended solids.
Acceptable applications include pumps used in mist eliminator wash, seal water, and thickener

overflow service.

"Slurry" pumps are designed for the worst possible operating conditions--
handling abrasive slurries at high concentration with specific gravities approaching 1.6,
containing large and hard particles, in aggressive (corrosive) solutions. In horizontal
centrifugal pumps, the thicknesses of all wetted parts are substantial, and replaceable casing
liners are standard. These pumps use large-diameter, low-specific-speed” impellers with
relatively low tip speeds,” connected to the drive motor by drive belts or a gear box.
Compared to clear-liquid pumps, the shafts and bearings of slurry pumps are massive.

Another feature that distinguishes this type of pump is the use of pump-out vanes on the front

%

. N = N X QI/Z/H3l4

where: N, = Specific speed, expressed as a unitless number;
N = speed, revolutions per minute;
Q = Flow rate, m*/min (gpm); and
H = Head, m (ft).

** Tip speed = impeller circumference times revolutions per minute.
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and back of the impeller to reduce recirculation and wear across the suction-side liner, and to

reduce fluid pressure in the shaft gland area.

Although most designs of horizontal centrifugal slurry pumps can achieve a
total discharge head (TDH)" of about 40 to 50 meters (130 to 165 feet), some models are
available to produce a head exceeding 90 meters (295 feet). Higher head is achieved by _using
a larger diameter pump casing and impeller. These very high head pumps are not typically
required in an FGD system; typical absorber module spray pumps have a TDH of less than 23
m (75 ft). -

The maximum flow capacity of absorber module spray pumps has been steadily
increasing as pump manufacturers introduce new models. Pumps are now available that can
provide flows of over 2500 L/s (40,000 gpm). The need for these large pumps was
emphasized by the trend toward the use of fewer absorber modules with greater flue gas
treatment capacity. The trend toward fewer, larger capacity modules and pumps has resulted
in reduced FGD system capital costs. When using the typical design standard of dedicating
one pump to each absorber module spray header, fewer spray headers (and pumps) are
required to achieve the desired liquid-to-gas ratio in these larger modules. Fewer spray
headers reduce the capital costs of the absorber modules, pumps, piping, valves, controls,

electrical equipment, and FGD building.

* TDH is the total pressure increase across the pump (total pressure at the pump discharge
minus total pressure at the pump suction). Total pressure includes both the static pressure and
the fluid dynamic head.

Total Pressure = p + h + (v*/2g)

where: p = fluid pressure, meters (ft) of water column;
h = height above a datum elevation, m (ft);
v = fluid velocity, m/s (ft/s); and
g = gravitational constant, m/sec? (ft/sec?).
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5.1.2 Vertical Pumps

Vertical centrifugal pumps, as shown in Figure 5-2, are often used in FGD
system slurry sump applications. The cantilevered-design vertical pump is standard in this
application. In a cantilevered design, the shaft bearings are located above the sump liquid
level to prevent solids from damaging the bearings. Because of the distance between the
lowest bearing and the heavy pump impeller, the design includes a stiff, large-diameter sﬁaft
and heavy-duty bearings. Impellers may use double suction, drawing slurry from above and
below the impeller to prevent thrust loadings on the bearings. Inlet strainers prevent large
solids from damaging or clogging the impeller. A small agitator can be fitted below the

impeller to keep solids in suspension.

5.2 Design Considerations

5.2.1 Process Considerations

Process considerations that affect the design or operation of centrifugal slurry
pumps include the slurry characteristics, pump flushing requirements, and pump

startup/shutdown controls.
Slurry Characteristics

Slurry physical and chemical characteristics (such as density, chloride level, and
the size and shape of the slurry particles) affect the choice of pump materials and pump type.
Higher density slurries and more abrasive solids increase the rate of wear of the pump
impeller and casing liner. Rubber-lined parts, particularly impellers, are susceptible to
damage from large particles and debris (trash) in the slurry. As a result, the use of abrasion-
resistant metal-alloy impellers has increased. High-chromium metal impellers have provided
long life and high reliability at a number of FGD systems. Slurry chloride level plays an

important consideration in the selection of pump materials. Historically, rubber-lined pumps
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were preferred for FGD systems operating at over approximately 10,000 mg/L chloride in the

absorber module slurry. Recently, however, the better resistance of metal-alloy impellers to
physical damage has led to their use even in applications with slurry chloride concentrations
of 15,000 mg/L and greater.

Pump Flushing Requirements

Slurry pumps and their related piping should be drained and flushed with clear
water to remove solids when the pump is taken out of service for an extended period of time.
If this is not done, the impeller could be bound in the casing by the settled solids. Often,
reclaim water from the byproduct solids dewatering system is used for flushing, to avoid
adverse impacts on the FGD process water balance. Since isolation valves are not typically
used on the discharge of absorber spray pumps, flue gas will fill any non-operating pump and
its discharge piping. Any fluid that condenses from the flue gas is very corrosive, with a pH
of less than 2.0. Therefore, after flushing, absorber spray pumps should be refilled with water
to prevent corrosive damage to pump internals from contact with flue gas and to dilute any
condensate that forms. Slurry pumps other than the absorber spray pumps do not require

refilling after they are drained.

In some cases, depending on the piping arrangement, draining the pump
without flushing with water may be sufficient to remove slurry solids. For instance, if a
centrifugal pump casing is oriented with bottom discharge (the pump discharge is below the
drive shaft), then a drain valve on the discharge line will empty the pl.imp. The time required
to allow all slurry to drain is usually determined in the field. However, even if they can be
drained without flushing, absorber module spray pumps should still be refilled with water

because of the effects of contact with the flue gas, as discussed above.
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Pump Control

Most slurry pumps are single-speed design and are operated in on/off control,
depending on the process needs. Two-speed or variable-speed designs may be desired for
some applications, including bleed slurry or thickener underflow, particularly if the FGD
system is designed for a wide range of SO, removal. The main advantage of being able to
operate slurry pumps at more than one speed is that the shutdown/startup sequence can be
avoided. When a slurry pump is removed from service, it must be drained and flushed, as
discussed above, which may introduce additional water to the process. Also, starting a pump
increases the mechanical loads (and the resulting wear) on the pump, motor, piping, and pipe

supports, which can be avoided if the pump is allowed to continue running.
5.2.2 Mechanical Considerations

Many mechanical considerations must be addressed in the selection of slurry
pumping equipment. Three major areas that must be considered when specifying centrifugal

slurry pumps are pump construction, impeller design, and pump shaft seal type.
Pump Construction

FGD system slurry pumps have a far more heavy-duty construction than the
clear-liquid pumps that may be more familiar to the utility engineer. The pump casing (or
volute) is vertically split to allow replacement of the casing liners and impeller. Minimizing
the number of bolts that hold the casing together is a desirable feature; therefore, external ribs
are added to make the casing very rigid. As shown in Figure 5-1, the casing halves should
have through-bolt construction, which means that threaded holes in the pump casing are
eliminated. Through-bolts facilitate maintaining the pump because standard bolts tend to
become corroded and frozen in threaded holes. Through-bolts should also be used at the

suction and discharge flanges.
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Impeller Design

The following discussion of slurry pump impellers applies to the design of both

hard metal-alloy and elastomer-lined steel impeller construction options.

FGD pump impellers can be either semi-open or closed. A semi-open impeller
has a single shroud on the drive side; a closed impeller has two shrouds. Almost all slurry
pumps in FGD service use the closed-type impeller. Semi-open impellers are better for
pumping large solids, which may plug or damage a closed impeller, but they are much less
efficient than closed impellers. When continuously pumping 2000 L/s at 20 m TDH, even
small improvements in pump efficiency can provide significant reductions in electric power
consumption. Using these typical design numbers, a 1% improvement in pump efficiency

represents an electrical power savings of over 6,200 kilowatt-hours per day (kWh/day) per
pump.

The impeller typically has four to six vanes, or pumping blades, that are
situated between two parallel shrouds. The number of vanes depends on the characteristics of

the solids being pumped and on the optimum pump efficiency for the application.

The front impeller shroud should be cast with expelling or pumpout vanes to
minimize recirculation of slurry between impeller and the front pump casing, which causes
erosion and reduces efficiency. The rear (drive-side) impeller shroud also has expelling
vanes, except when mechanical shaft seals are used. The effect of rear-shroud vanes is to
reduce the slurry pressure in the shaft seal or stuffing box area, which is desirable when using
shaft seal water. However, mechanical seals need the liquid recirculation in this area to
ensure proper cooling and lubrication of the seal faces. Pump seal options are discussed in

greater detail in the following section.
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Pump Shaft Seals

‘ A major problem area in slurry pumps is the need to provide a seal to keep
process liquor or slurry from leaking between the rotating impeller shaft and the stationary
pump casing. There is a variety of methods for achieving this goal; some require seal water
and some do not. In recent years, mechanical seals have become the most common choice for

sealing FGD slurry pumps.

Standard Stuffing Box with Seal Water--Figure 5-3a shows a standard gland
seal, which consists of a metal lantern ring restrictor (where seal water enters), 4 to 7 rings of
packing, and a packing gland to compress the packing. The seal water is used in slurry
pumps to flush solids away from the. stuffing box, while cooling and lubricating the pump
packing. If seal water flow is insufficient, solids will enter the packing and cause wear on the
shaft sleeve. This will increase clearances and lead to failure of the hydraulic seal and the
pump itself. To ensure adequate seal water flow, the seal water pressure must be maintained
above the pressure of slurry in the stuffing box at all operating conditions. Although slurry
pumps experience changes in discharge pressure during normal operation, a 35 to 70 kPa (5 to
10 1b/in’) differential between the stuffing box and seal water pressure should maintain an

adequate seal water flow.

The seal water flow on large slurry pumps fitted with a standard gland seal is
typically 1.3 to 2.2 L/s (20 to 35 gpm). A low-flow lantern restrictor is an option that

consumes considerably less seal water, on the order of 0.6 L/s (10 gpm).

Centrifugal Shaft Seal with Seal Water--As discussed above, pumps using a
standard seal water system often have expeller vanes on the drive-side shroud, to reduce
stuffing box pressure. Some manufacturers install additional expellers on the shaft between
the impeller and the stuffing box, as in Figure 5-3b, to reduce the stuffing box pressure even
more. Centrifugal action by the expeller reduces slurry pressure in the gland area. This

system is also referred to as a centrifugal shaft seal, and can reduce or eliminate seal water
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requirements in some situations. As a general guide, if the pump suction pressure is less than
10% of the discharge pressure, a centrifugal seal may be able to eliminate seal water (i.e.,
allow the pump to "run dry"). However, the suction pressure of an absorber module spray
pump is typically greater than 10% of the discharge pressure. The combination of reduced
slurry pressure and use of a low-flow lantern ring restrictor allows a very low seal water flow.
Absorber module spray pumps using this technology may operate successfully at a seal water
flow as low as 0.13 to 0.3 L/s (2 to 4 gpm). However, the use of centrifugal seals results in
increased electrical power consumption, which may rise by up to 1% on the large spray

pumps (6). _

Mechanical Seals--Most pumps can be initially purchased with mechanical
seals or converted from a standard stuffing box with seal water to mechanical seals.
Mechanical seals used in FGD system slurry pump service typically have two smooth ceramic
faces, one rotating and one stationary, as illustrated in Figure 5-4. A major consideration is to
avoid using expeller vanes on the impeller drive-side shroud, since the use of any device that
reduces stuffing box pressure is discouraged. One of the most critical factors affecting
mechanical seal life is the temperature of the seal faces. Therefore, slurry should be allowed
to circulate near the seals to remove heat. The tapered stuffing box shown in Figure 5-4 is
recommended by most major pump and mechanical seal manufacturers. This tapered design

has been found to effectively remove heat, large particles, and gases from the seal faces.

Many factors have contributed to the increase in the use of mechanical seals on
slurry pumps during the past decade. Mechanical seal technology has improved, making the
seals more reliable. Also, electric utilities have gained experience and confidence in using
these seals. Probably the most significant driving force, however, has been the utilities’
increasing interest in minimizing the addition of fresh water to the FGD system in order to
maintain a negative (net makeup) water balance. The mechanical seal is very effective in

helping reduce pump seal water flows.
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523 Other Considerations

There are several other factors that should be considered in the application of a
centrifugal pump to an FGD system:

. Minimizing erosion and other mechanical damage;

o Pump speed reduction;

o Pump operating margin;

o Pump manufacturer experience history;
o Pump isolation; and

o Pump operation in series.

Minimizing Erosion and Other Mechanical Damage

Large particles of FGD solids (e.g., gypsum scale) and debris can damage
pump linings and impellers. Some utilities have installed screens on the pump inlet to prevent
such damage, but the screens must be routinely cleaned to prevent the pump from being
starved of flow. Screens may be particularly useful during the initial startup of a new FGD

system, when construction trash such as pieces of welding rod is a greater problem.

Overspeed operation produces excessive stress at the impeller rim. Stresses on
the rubber at the impeller rim increase at the square of the rim velocity, and overspeed
operation frequently results in slinging of the rubber from the impeller core. Rubber hardness
limits the maximum tip speed of rubber-covered impellers according to the following equation

(7), which is valid over a rubber hardness range of Shore A 20 to Shore A 60:

Maximum tip speed (m/min) = 1160 + [6.1 x Hardness (Shore A)] (5-1)
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Applying Equation 5-1 to an impeller lined with a Shore A 55 hardness rubber,
the maximum tip speed is 1490 m/min (4900 ft/min).

Because they do not experience the problems with loss of the lining, hard
metal-alloy impellers can be operated at higher tip speeds of 1650 m/min (5400 ft/min) in
rubber-lined casings and 2290 m/min (7500 ft/min) in metal-lined casings (6).

Speed Reduction

Most small clear-liquid pumps are direct-coupled and, therefore, turn at

synchronous motor speeds. Slurry pumps, however, must operate at relatively slow speeds
because of impeller tip speed restrictions. For example, a large absorber module spray pump

may turn at just 300 rpm, with the motor turning at 1200 to 1800 rpm.

Both gear reducer and belt drives have been applied to FGD system slurry
pumps. The gear reducer option is more efficient but also is more costly, especially for small
pumps. Choosing between these speed reducer options depends mainly on the size of the
motor. Belt drives are used for'almost all motors rated below 300 kW [400 horsepower (hp)].
Above 300 kW, gear reducer drives are frequently used. Above 375 kW .(500 hp), gear

reducer drives predominate.
Pump Operating Margin

Every pump vendor offers a number of similar pumps that vary in the size of
the suction and discharge lines and in the impeller diameter. Eath pump has a set of
characteristic operating curves that define the performance of the pump (in terms of flow and
TDH) at several impeller speeds. The best pump for a specific set of operating condition is
selected on the basis of the goals of attaining the best operating efficiency and operating at a

reasonable impeller tip speed, as discussed previously in this section.
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In actual practice, however, it is prudent to select a pump that can provide
operating margins on both the pump flow and head design values to account for possible
future changes in the pumping requirements. For example, at some point in the future, it
might be necessary to increase the absorber module liquid-to-gas ratio (L/G) in order to
compensate for increased coal sulfur content or to increase SO, removai efficiency in response
to other conditions. It would be very desirable to provide the increased slurry flow without
replacing the absorber spray pumps. For this reason, the slurry pumps and their drive mo.tors
typically are selected such that an increase in impeller speed can increase flow by 10 to 15%

and TDH by 15 to 20% without exceeding the recommended. impeller tip speed.
Pump Manufacturer Experience History

Slurry pumps are exposed to difficult operating conditions due to the abrasive
and corrosive nature of FGD process slurries. Successful performance in this service is
usually the result of years of experience in FGD systems or in a closely related, abrasive
condition service such as mining. In selecting prospective slurry pump suppliers, the history

of pumps of similar flow and head capacity in similar service should be closely examined and

only manufacturers who have a demonstrated success with these pumps should be considered.

As stated earlier, however, the size of absorber module spray pumps has been
increasing over time. In several recent applications, this has required the development of
new, larger-capacity slurry pumps, which did not have the operating history recommended
above. When considering the use of a slurry pump without a long operating history, the
demonstrated performance of previous new pumps from this manufacturer may be the best

indication of future performance.
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Pump Isolation

Slurry pump installations are almost always designed with redundancy, so that
a spare pump can be placed into service without disrupting FGD system availability. The
pump must be isolated from the process slurry in order for maintenance to be performed. For
most FGD applications, isolation valves are provided in the pump suction and discharge
piping. For absorber module spray pumps, however, an isolation valve is typically used only
on the suction side. Although some FGD installations have block valves on the spray pump
discharge, most do not. Some utilities temporarily insert inflatable bladders into the discharge

line to block the flue gas and protect crews who-are maintaining the pump.

Additional information on pump isolation valves is presented in Part II, Section
8.0--Valves.

Pump Operation in Series

Slurry pumping systems typically use a single pump; however, the pumps can
be arranged in series to achieve the higher heads necessary to transport slurry over long
distances. For example, FGD slurry bleed may need to be pumped many kilometers to a
disposal pond. The pumps in series can all be located near the absorbers if slurry piping is
able to withstand the discharge pressure. Alternately, the pumps can be spaced along the
piping, but this is more difficult with respect to pump operation, maintenance, and utility

(electric power and seal water) supply.

5.3 Material Selection

As discussed in the previous sections, erosive wear is the major concern related
to slurry pumps because it affects both pump life and pump performance. Materials of

construction and pump geometry are the most important factors influencing the rate of pump
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erosion. Although a utility engineer has limited control over pump geometry, except in the

choice of pump manufacturer, the materials of construction can be specified.
5.3.1 Impellers

The impellers of slurry pumps may be fabricated of corrosion- and abrasion-
resistant metal alloy or they may be pressure-molded rubber with a carbon steel core. Mc.)lded
rubber impellers have historically been the material of choice for FGD slurry applications
provided that large particles (i.e., chunks of scale or agglomerates) and debris can be excluded
from the slurry entering the pumps. However, hard metal-alloy impellers have been specified

in the majority of recent FGD system installations.

Rubber-Lined Impellers--Natural (isoprene) rubber usually performs well
unless the plant is a dual-fuel (coal and fuel oil) plant. Oil contamination of the slurry is a
potential concern since oil will degrade natural rubber. Since natural rubber is softer than
synthetic rubbers, it is also more prone to damage from hydraulic shock (pressure pulses). In
those cases where a soft rubber does not perform well, neoprene (polychloroprene) is the
material of choice, but it must be lead-cured. Some utilities have experimented with
polyurethane molded to cast iron impellers, but the performance of this alternative has been

mixed.

The most common modes of failure of rubber impellers result from cutting by
pieces of scale or debris, or by operation of the pumps outside their design dynamic limits.
Examples of operating outside these limits are increasing the pump speed to achieve increased
TDH, operating at excessive flow rates, or operating with insufficient net positive suction

head (NPSH) (i.e., cavitating the pump).

The hardness of rubber used in pumps may vary from Shore (durometer) A 20

to A 70 or higher. Shore A hardness of approximately 55 is typical of the pumps used in
FGD systems.
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Metal-Alloy Impellers--Where large particles cannot be kept out of the pump,
or in cases where the utility prefers to reduce the risk of catastrophic failure that accompanies
rubber-lined impeller use, impellers fabricated of a hard metal-alloy may be used. These
alloys include 27%-chromium, white iron heat-treated to high hardness for higher pH/low
chloride slurries; 27%-chromium, white iron heat-treated to moderate hardness for lower pH
and intermediate chloride slurries; and CD-4 MCu and cast duplex stainless steels for lower
pH/high chloride slurries. The abrasion resistance of this series of alloys decreases from the
one lis.ted first to the one listed last.

53.2 Pump Casings

The volutes (side liners) may be constructed using the corrosion- and abrasion-
resistant alloys mentioned in the preceding paragraph; molded natural, chlorobutyl, or lead-
cured neoprene rubbers; or molded polyurethane. The hardness of rubbers used in volute
liners is typically 40 to 45 Shore A, slightly softer than that used for the impellers. Hybrid
designs using both rubber and hard alloy components are common. Most recent systems FGD

installations have specified metal impellers and rubber-lined casings for the absorber module

spray pumps (6).
5.3.3 Service Life

Operation at excessive flow rates or with insufficient NPSH can result in rapid
cavitation damage of both rubber and metal pump components. It is important that pumps
with rubber-covered impellers be carefully sized and operated within the temperature-pressure-
flow-velocity regime approved by the manufacturer. However, even if appropriate materials
of construction are used and the pump is operated in the appropriate temperature-pressure-
flow-velocity regimes, the life of slurry pump components (especially rubber casing liners and
rubber-lined impellers) is typically only two to five yearé. Therefore, utilities should plan on

periodic replacement of slurry pump liners and impellers.
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54

5.5

Recommendations

o Absorber module spray pumps should be provided by a manufacturer
that has extensive experience providing slurry pumps for FGD service.

o Two-speed pump operation should be considered for transferring bleed
slurry to dewatering equipment and to minimize flushing requirements
and the need for slurry valve throttling.

o In FGD systems where the rate of makeup water addition is a céncem,
slurry pumps should be fitted with low-flow or mechanical seals.

o Slurry pumps should be drained and flushed after being taken out of
service. Out-of-service absorber module spray pumps on an operating
absorber should remain filled with water to prevent corrosion by acidic
moisture condensing from the flue gas.
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6.0 TANK AGITATORS

The proper selection and installation of tank and sump agitators are critical to
the FGD process. The FGD process uses a variety of slurries that consist of suspensions of
lime or limestone reagent, byproduct solids, and inert solids (e.g., fly ash) in a process liquor.
These slurries are contained in the reaction tanks, reagent slurry storage tanks, thickener/
hydrocyclone underflow storage tanks, chemical additive tanks, and building sumps. The
main reasons for installing agitators (also called mixers) are to prevent the solids from settling
in a tank or sump and to produce a relatively homogenous slurry that can be transferred to the
next step of the process. Agitators in reaction tanks also are designed to enhance forced

oxidation air dispersion, crystal growth, and limestone dissolution.

6.1 Types Available

Agitators used in FGD service can be either top-entry or side-entry types, as
shown in Figures 6-1 and 6-2, respectively. Both agitator types consist of an electric motor,
speed reducer drive, shaft, and impeller. Most FGD system tanks and sumps use top-entry
agitators. In reaction tanks, however, either top- or side-entry agitators can be used,
depending on the configuration of the absorber and reaction tank. When the absorber and
reaction tank are an integral unit, side-entry agitators are required. When the absorber and
reaction tank are separated, top-entry agitators are often used. This is illustrated in the use of

both side-entry and top-entry agitators in a dual-loop FGD system, Figure 6-3.

There are two major categories of impeller shapes: radial-flow and axial-flow.
These two designs, along with other hybrid designs, are shown in Figure 6-4. Impellers used
in FGD service can be of the axial-flow type (Figure 6-4a), the radial-flow type (Figure 6-4b),
or a combination design. In general, axial-flow designs are the best choice for maintaining
solids in suspension, while radial designs are best for gas-liquid mixing. The axial-flow
hydrofoil (Figure 6-4c) is similar to a standard, pitched-blade impeller, but the blades are

curved and tapered, resulting in a more efficient design (providing a similar axial flow rate at
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a. Axial-Flow, Pitched-Blade Turbine b. Radial-Flow, Flat-Blade Turbine

c. Axial-Flow Hydrofoil

d. Axial-Flow Marine Propeller e. High-Solidity, Axial-Flow Hydrofoil

Figure 6-4. Alternative Impeller Designs
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reduced power consumption). Side-entry agitators often use a marine propeller-type impeller
(Figure 6-4d), which is very similar to a ship’s propeller. The "high-solidity" axial-flow
hydrofoil (Figure 6-4e) is one manufacturer’s recent modification of the top-entry impeller
design that takes advantage of wider blades to produce higher flow efficiency while

preventing flooding.”

6.2 Design Considerations

Basic design considerations related to agitator selection can be found in vendor
literature and in books published on the subject (1,2,3). Most of the published information is
quite theoretical, and is beyond both the scope of this manual and the typical needs of the
utility engineer. From a practical standpoint, the user should be aware of available mixing
options and should ensure that a vendor with experience in the chosen FGD process is

selected to provide the agitators.
6.2.1 Process Considerations

The three most important process considerations that affect agitator design are
the slurry characteristics, the degree of agitation required, and whether the byproduct solids

are forced-oxidized to produce calcium sulfate. These considerations are discussed below.
Slurry Characteristics

Most agitators for large tanks, especially top-entry types, are custom-designed
for a particular application. Agitator design is affected by several slurry characteristics,
including liquid density, viscosity, and solids content. Solid particle size and density are also

important because large, dense solids are more difficult to maintain in suspension than are

* The impeller rotation must be greater than some minimum value in order to disperse
the oxidation air in the slurry. This minimum rotation varies with the specific design of the
impeller. "Flooding" occurs below this minimum speed when the gas bubbles rise through the
impeller region without being dispersed.
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small, light solids. These factors will affect the impeller design, required number and

locations of agitators, and the motor sizing.

Degree of Agitation Required

Generally, three degrees of agitation are possible:

o Partial suspension--some solids rest on the tank bottom for a short
period of time, with a significant solids concentration gradient from the

top to the bottom of the tank; )

o Complete suspension--all solids are off the tank bottom, with a uniform
solids concentration except for the upper 10 to 20% of the tank depth;
and

o Uniform suspension--all solids are off the tank bottom, with a uniform
solids concentration except for the upper 1 to 2% of tank depth.

In most FGD process services, the agitators are designed to provide complete
suspension of the slurry. Sump agitators typically are designed to provide partial suspension.
There is seldom any process justification for the very high power input required to provide

uniform suspension in any FGD system process tank.

To maintain slurry solids in suspension, an adequate fluid velocity must exist
throughout the tank. Fluid velocity is produced by impellers and by flow patterns that result
from the tank geometry and baffles. The fluid velocity at all locations in the tank must be
greater than the terminal settling velocity of the solid particles. Zones in the tank with
insufficient fluid velocity will see a buildup of settled solids. Even when complete suspension
of solids is required, most agitator specifications allow 2 or 3% of the tank bottom to be
covered with solids. This most commonly occurs along the tank wall. At a minimum, the
mixing system should be designed to keep the area near pump suctions clear of settled solids
(4). Blockage of the pump suction can result in cavitation of the pump due to insufficient

positive suction head and can damage the pump lining and impeller.
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Forced Oxidation

When forced oxidation is employed, the reaction tank agitators must provide
gas dispersion in addition to solids suspension. In other industries, where gas dispersion is
the only concern (no suspended solids are present), a radial impeller is typically chosen for
this service. However, FGD systems must maintain solids in suspension while encouraging

air dispersion, and axial (or modified axial) impellers are used.

The method of adding oxidation air to the reaction tank depends on the FGD
vendor’s design. When top-entry agitators are used, oxidation air is added through a fixed
grid of aeration pipes on the reaction tank floor beneath the agitator impeller (refer to Figure
6-1). When side-entry agitators are used, the oxidation air can be added by a fixed grid in the
center of the tank or injected at locations in the tank wall just below each impeller, as shown

in Figure 6-2. The turbulence in this area is used to break up the air bubbles to improve

absorption in the process liquor.
6.2.2 Mechanical Considerations

Agitators are complex mechanical components that often are custom-designed
for specific applications. An agitator design that performs well in a non-slurry application
may not work well in an FGD slurry application. The tasks of suspending solids and
dispersing air, with possible variations in slurry density and tank level, are a challenge for the

agitator vendor. Major mechanical considerations include the following:

° Impeller design;
o Agitator shaft and drive construction; and

. Shaft seals.
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Impeller Design

The function of an agitator impeller is to convert energy from the drive motor
into flow and turbulence (shear rate). The three most important design factors that influence

an agitator impeller’s performance are the following (1):

o Impeller diameter;
o Impeller speed (tip speed); and

. Impeller geometry.

In the turbulent-flow regime, the flow capacity of geometrically similar
impellers is proportional to ND? and the power requirement is proportional to pN D %; where

N is the impeller speed, D is the impeller diameter, and p is the fluid density (3).

Impeller Diameter--As shown in the above relationships, at constant speed,
increasing the impeller diameter significantly increases both the flow produced and the power
required. The size of the impeller is limited by several factors, including weight, impeller tip
speed (discussed below), and drive power rating. The diameter of impellers used in FGD
service varies with the type of agitator. Side-entry agitators are most often used in reaction
tanks, and their diameters can vary from as small as 460 mm (18 in.) to approximately 1 m (3
ft). Top-entry agitators used in reagent slurry storage tanks, reaction tanks, and underflow
storage tanks can vary from less than 1.5 m (5 ft) to over 3 m (10 ft). Top-entry agitators for
sumps are typically 305 to 610 mm (1 to 2 feet) in diameter. When an impeller larger than
these typical ranges would be required for very large tanks, several smaller-diameter impellers

are used instead.

Impeller Speed--The impeller speed (in revolutions per unit time) and the

impeller diameter determine the impeller tip speed:
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V=‘JTXNXD (6_1)
60

where: V = Tip speed, m/s (ft/s);
N = Impeller speed, revolutions per minute (rpm); and
D = Impeller diameter, m (ft).

The maximum allowable impeller tip speed depends on materials of
construction, but is usually in the range of 2.5 to 6.5 m/s (8.3 to 21.7 ft/s). This generally
corresponds to an impeller speed of 15 to 30 rpm for top-entry agitators and 190 to 280 Ipm
for side-entry ones. Higher tip speeds can result in excessive erosion of the impeller blades.
Agitators in dense slurries, such as the reagent slurry storage tank, operate in the lower end of

this range; agitators in the less dense reaction tanks operate in the upper end.

Impeller Geometry--Impeller geometry relates to the shape, size, angle, and
number of the impeller blades. As noted above, impeller design has a very important effect
on mixing efficiency. The impeller geometry is an area of continuing research by agitator

vendors, and numerous proprietary designs are offered for specific process conditions.
Agitator Shaft and Drive Construction

In operation, an agitator is somewhat similar to a centrifugal pump, but much
less efficient and with a much longer shaft. The shaft, bearings, and drive must be designed
to withstand the forces acting on the impeller. Gear drives are usually used to reduce motor
speed on typical FGD system agitators, but belt-drive top-entry agitators may be used in
sumps. Most aspects of agitator shaft and drive construction are'the responsibility of the
agitator vendor, and the utility engineer has relatively little input to this aspect of the
agitator’s mechanical design. The following information highlights the mechanical

considerations that vendors use in their designs.
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Agitator shafts must be designed to maintain rigidity when acted upon by the
torsional and deflection loads that cause shaft stress. Torsional loads result from the drag
forces created by the rotation of the impeller in the process fluid. Deflection loads result
from unbalanced loads on the impeller due to unequal performance of each impeller blade
and, in the case of side-entry agitators, the weight of the impeller at the end of a cantilevered
shaft. Shaft design must also consider the critical speed of the shaft and impeller. The _
critical speed of a rotating device is the rotational speed equal to the natural lateral vibration
frequency of the device. Mechanical equipment experiences large and violent oscillations as
the critical speed is approached. Critical speed is mainly affected by shaft length and
diameter, and, to a lesser degree, by bearing spacing, type of shaft material, and weight of the
shaft and impeller. In most cases, the speed of the agitator should be less than 50% of its
critical speed; however, the selection of the correct shaft to avoid critical speed problems is

the responsibility of the agitator vendor.

The agitator drive performs two functions: motor speed reduction and support
of the shaft and impeller. Although the drive may be overlooked, it usually represents the
largest component’of the total agitator cost. The drive is also the most common source of
maintenance problems because of the extreme stresses transmitted between its moving parts.
Although drive life will be extended by over-sizing the drive for the impeller duty, such
action reduces drive efficiency. Therefore, the drive should be designed for the optimized

balance between energy costs and maintenance and downtime costs 4).

The coupling that attaches the shaft to the gear drive can transmit movement
and forces from the shaft to the drive. Obviously, it is important to isolate the drive from
shaft movement. In top-entry agitators, this can be accomplished by using a quill design, as
shown in Figure 6-5. In this design, the impeller shaft bearings are independent of the
bearings supporting the final drive shaft. The two shafts are connected by a flexible coupling.
Since the two shafts touch only at the coupling, bending loads from the impeller shaft are not
transmitted to the drive.
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Side-entry agitators must withstand large bending loads and do not use the quill
design. A typical side-entry agitator is shown in Figure 6-6.

Shaft Seals

Many top-entry agitators are installed on open-top tanks and there is no need
for a shaft seal. Even on covered FGD tanks a liquid-tight seal is not usually necessary. .
However, a liquid-tight seal is very important on side-entry agitators to prevent leakage of the
process slurry and damage to the shaft bearings. This seal can be either a stuffing box with
seal water or a mechanical seal. This discussion will emphasize mechanical seals because
most FGD vendors prefer mechanical seals in order to minimize makeup water requirements.
The basic principles of sealing agitator shafts are similar to those for pump shafts (see Section
5.0--Centrifugal Slurry Pumps).

Most manufacturers of side-entry agitators offer mechanical seals in either a
single- or double-seal configuration. The single seal is usually sufficient for FGD use.
Double seals are used most often with high-pressure or hazardous fluids. A typical side-entry
agitator mechanical shaft seal is presented in Figure 6-7. The seal faces are typically
fabricated of silicon carbide, and the wetted metal parts are fabricated of Alloy C-276 or a
similar very corrosion-resistant alloy. An important feature of side-entry agitators (with either
type of seal) is the provision of a method for performing seal maintenance while the tank is ~
full. This is typically accomplished by pulling the shaft out a short distance, which closes off
an opening between the flange housing and the shaft shut-off collar, as shown in Figure 6-7.
Using this design, all components of the side-entry agitator, except the internal shaft and
impeller, can be replaced without draining the tank. .

Although shaft stiffness is important for all agitators, it is especially important

for side-entry agitators with mechanical seals. A very small amount of shaft deflection can

damage or crack the hard seal faces.
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6.2.3 Other Considerations

Other considerations include the number of agitators for each process vessel
(redundancy), the use of tank baffles, and the arrangement of the agitators to provide the best
performance. Also, the utility engineer should understand that agitators are designed for
specific applications. For example, an agitator that performs well in a 40% solids slurry may

have unacceptable vibration in a tank with 10% solids, especially during equipment startup.
Redundancy

Redundant top-entry agitators are not usually employed unless the tank is so
large that the agitation requirements exceed the capacity of a single agitator. Top-entry
agitators are relatively reliable, and, with the exception of the shaft and impeller, all
mechanical parts can be replaced without draining the tank. Most agitator specifications
include the provision that the agitator must be able to re-suspend material that has settled in

the tank during a brief maintenance outage.

Side-entry agitators have less mixing capacity than top-entry types and most
FGD reaction tanks require three or more agitators. As stated previously, if shaft shut-off
collars are used, all components, except the internal shaft and impeller, can be replaced with
the tank full. Tests have shown only minimal solids buildup when one of the three agitators
is out of service for a short time (6), and these solids typically can be re-suspended when the
agitator is returned to service. For these reasons, it is very uncommon to require the

installation of a spare side-entry agitator.
Tank Baffles
Baffles are narrow, vertical, flat plates mounted on the tank walls. The typical

application has four baffles equally spaced around the circumference of the tank. Baffles

reduce swirling and vortex formation by improving the flow pattern throughout the tank, as
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shown in Figure 6-8. Baffles are almost always required in FGD tanks with top-entry
agitators to help maintain a steady power draw by the agitator. Without baffles, a vortex will
form in the tank centered on the agitator. This vortex can cause wide power variations and
imbalance of the impeller, possibly resulting in agitator failure. Baffles are not normally _

required in tanks with side-entry agitators because the mixing patterns developed are less

likely to form a central vortex.

Where a single top-entry agitator is installed at the tank’s centerline, the baffles
are typically 1/12 the tank diameter in width and located 90° apart (1). In slurry tanks,
baffles are usually spaced away from the wall at a distance equal to one-half their width to
prevent solids buildup (2). In tanks with two or more top-entry agitators, four baffles are

often located around each agitator, with none mounted on the walls.
Agitator Orientation

If a single top-entry agitator is used, it should be located in the center of the
tank. Tanks with more than one agitator have them evenly spaced, so that each mixes a
‘similar volume of liquid and their flow patterns do not interfere. Agitator spacing depends on
factors such as impeller design and tank geometry and should be verified by scale-model

testing.

Recent testing and full-scale installations have shown that "clustering" side-
entry agitators into a 90° quadrant of the reaction tank provides improved performance when
compared with even spacing (i.e., three agitators 120° apart). The optimum orientation was
for all agitators to be angled down from horizontal and for the extension of their shaft
centerlines to intersect at a point outside of the tank, as shown in Figure 6-9. The test found

that the recycle pumps can be located anywhere opposite the cluster within an arc of 180° to
210° (5,6).
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Figure 6-9. Side-Entry Agitator Orientation
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6.3 Material Selection

For both top- and side-entry agitators, rubber-covered steel is the most common
material of construction for the agitator internal shaft and impeller blades. Both natural
rubber and chlorobutyl rubber are used in FGD applications. For applications on dual-fueled
boilers (coal and fuel oil), where oil contamination of the FGD system process liquor is
probable, natural rubber should not be used, and lead-cured neoprene may give better results
than chlorobutyl rubber. Regardless of the rubber polymer selected, a Shore A hardness of 50
to 60 is typical.

The steel substrates of rubber-covered agitator shafts and impellers are typically
carbon steel. High-strength low-alloy (HSLA) steels may be justified in some cases,
especially for side-mounted agitators where the heavy, cantilevered impeller can impose a

significant bending stress on the shaft, as discussed below.

Side-entry agitator shafts and marine propeller-style blades may be constructed
of either rubber covered steel or alloy materials. Material selection for these components
typically corresponds to the alloys selected for the reaction tank. Alloy selection is discussed

in Part I, Section 5.6.1--Alloy Products and Corrosion Resistance. The resistance to erosion-

corrosion is especially important in the selection of alloy impeller materials.

One additional factor that must be considered in the design of side-entry
agitators is rotating-bending fatigue of the shafts. Side-entry agitator shafts are subjected to a
significant bending load because of the cantilevered weight of the impeller. Low-carbon
austenitic stainless steels typically have low resistance to rotating-bending fatigue, and may
not be suitable for the shafts, depending on agitator design. Duplex or precipitation hardened

stainless steels may be necessary in some cases.
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6.4

6.5

Recommendations

. The proposed agitator impeller design and agitator orientation should be
verified by scale-model testing or full-scale operation.

. Top-entry agitators should be designed with heavy-duty shafts and-
bearings. The drive should use a quill design.

. Side-entry agitators should use heavy-duty shafts and bearings and '
mechanical seals.
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7.0 PIPING

Piping within the FGD system is used to convey slurries, clarified process
water (thickener/hydrocyclone overflow), mist eliminator wash water, service water, fire
water, and, if used, chemical additive solutions. Design and material selection considerations
for service water piping and fire water piping within the FGD system boundaries are no
different than in other parts of the power plant, and will not be considered in this section.

7.1 Types Available _

Piping within the FGD system can be classified in several ways. Most of the
piping within an FGD system is external to the absorbers or ductwork, and only the inside
surfaces are exposed to the FGD process stream. External piping requires little or no external
protection. Piping such as that used for reagent spray headers, which is internal to the
absorbers or ductwork, is exposed to the conveyed process stream on its inside surfaces, and
to the process environment on its outside surfaces. Both environments must be taken into

account in design of the internal piping.

All of the piping within the FGD system, both internal and external, conveys
either clear water, shurry, or chemical additives. Table 7-1 describes the process streams
typically conveyed by the FGD process piping system and indicates the typical operating
conditions and slurry loadings.

FGD piping can also be classified according to material type. Guidelines for
selection between material types is presented later in this section; but the basic material

types must be defined before discussing design considerations. The types of pipe commonly

used are the following:

. Carbon steel pipe (unlined);
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* Rubber-lined steel for external applications, and rubber-lined, rubber-
covered (RLRC) steel for internal applications;

. Corrosion-resistant alloys (including stainless steels, nickel-based alloys,
and titanium); ~

o Glass fiber reinforced thermoset resin pipe (FRP); and

° Extra-high density polyethylene (EHDPE), an extruded thermoplastic

pipe.
7.2 Design Considerations -
7.2.1 Process Considerations

Table 7-1 provides information on the "aggressiveness" of the FGD process
streams from the standpoint of abrasiveness, corrosiveness, and scaling tendency.
Abrasiveness is a qualitative measure of the tendency of the process stream to cause erosive
wear. The clear water streams, such as mist eliminator wash water and chemical additive
feed, if used, are not abrasive. Likewise, the thickener or hydrocyclone overflow is generally
not very abrasive if the solids separation efficiency is high. In the slurry streams, .
abrasiveness increases with solids loading, and the reagent slurry and thickener or
hydrocyclone underflows are generally more abrasive than the recycle slurry. Corrosivity is a

qualitative measure of aggressiveness toward the commonly used construction alloys, and does

not apply to nonmetallic piping materials. Scaling is the tendency for deposition of layers or
rings of mineral precipitates within the pipeline, particularly where process streams are
blended or significantly cooled. Both corrosiveness and scaling tendency are strongly affected

by process design decisions.

The process design decisions dictate the sizes and layout of the piping system,
and the definition of the maximum chloride level constrains corrosion-resistant alloy selection
if corrosion-resistant alloy piping is selected. The reagent type and preparation quality also

affect piping design and material selection, as described later in this section.
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7.2.2 Mechanical Considerations

The basic mechanical considerations for any piping system also apply to the
FGD process piping. The piping design must be such that minimum and maximum velocities

b4

discussed below, are maintained to keep slurries in suspension while minimizing erosion.

The piping must be adequately supported to withstand all dynamic and static
loads. FGD systems typically contain long runs of piping handling large quantities of
relatively dense slurry having considerable kinetic energy. The potential risk for damage by
hydraulic hammer forces" is significant, and the design should expressly consider and

minimize hydraulic hammer.

The motions and stresses created by differential thermal expansion should be
carefully accounted for. Particular attention should be given to accommodation of relative
displacements between transfer lines and their penetrations into the absorbers.‘ The designer
should remember that the coefficients of thermal expansion of FRP and extruded
thermoplastic piping are considerably larger than those of steel. Particular care to
accommodate the effects of thermal expansion are in order when designing piping systems of

these classes of materials.

The manufacturer’s design and installation guidelines for the specific products
being used should be carefully reviewed and followed exactly, especially when designing

nonmetallic piping systems.

" "Water hammer” or "hydraulic hammer" is a pressure shock wave created when the
non-compressible water or slurry moving through a pipeline is suddenly halted, as, for
example, by the sudden closing of a fast-action valve. The shock pressure increases with
increasing fluid density, velocity, and length of pipe run upstream of the fast-action valve, and
can potentially rupture the pipe system. Hydraulic hammer is best minimized by using surge
tanks and eliminating fast-closing valves.
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7.2.3 Other Considerations

Other factors that must be considered in designing FGD system piping include
the following:

» Selecting flow conditions to minimize slurry abrasion;
. Sizing of pipe;

o Avoiding local flow accelerations;

o Pipeline cleanliness;

. Pipe burial; and

° Freeze protection.
Selecting Flow Conditions to Minimize Slurry Abrasion

The various slurries handled by the FGD process piping are potentially
abrasive, and minimizing this potential abrasiveness is an important factor in FGD piping
design. Abrasion limits the service life of nonmetallic piping through simple abrasive wear.
Abrasion of alloys results in erosion-corrosion, the accelerated loss of material due to the
synergistic effects of wear and corrosion. Without respect to the specific mechanism, damage

due to abrasion will be referred to as abrasive wear in this discussion.
The abrasiveness of the slurry is a function of the kinetic energy of the
particles, their hardness relative to the material being abraded, the incidence angle of the

particles as they impact the abraded material, and the frequency of particle impact.

In pipeline operations, the incidence angle is low in most geometries and can

be treated as a constant as a first approximation. All other factors being equal, the frequency
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of impact is proportional to the mass of particles per unit mass or volume of slurry, i.e., the

weight percent solids in the slurry. From the above, it can be shown" that:

Abr =k p d’ v? D, (71

where:
Abr = Abrasiveness, dimensionless;
k = Proportionality constant;
p = Density of the individual particles;
d, = particle diameter;
' = Bulk fluid velocity; and )
D, = Slurry particle loading (particle mass/unit slurry mass).

Equation 7-1 indicates that abrasiveness increases with particle density,” the
cube of the particle size, the square of the fluid velocity, and the slurry particle loading. The
relationship expressed by this equation demonstrates the importance of limiting velocities in
slurry piping, specifying a finely ground reagent, and maintaining control of the reagent
grinding process. At one facility, failure to maintain reagent grind quality shortened the life
of stainless steel nozzles by a factor of 10 or more (5), and similar reductions in life could be

anticipated in piping systems.

While increasing fluid velocity increases abrasion, decreasing the velocity too
much also increases abrasion. Most of the slurries handled in well-run FGD systems will
have particle diameters less than 200 pm. If the fluid velocity is sufficiently high,
homogenous flow results, in which the particles are evenly dispersed in the liquid phase and
have minimal contact with the pipe walls. This is the most desirable state from an abrasion

standpoint, resulting in the lowest rate of abrasive wear, but it is'costly and difficult to maintain.

" Equation 7-1 is a composite of generally accepted erosion equations presented in
References 1 through 4.

" The densities of the individual particles in FGD process slurries range from about 2.3
to 3.0 g/cm’, and are little affected by process design decisions. The fact that the various
particle phases are of similar density means that the flow velocities required to keep the
particles suspended is similar for all FGD process streams.
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If the velocity is reduced somewhat, the slurry develops heterogenous flow, in
which the slurry particles are still suspended in the liquid, but slurry density is greater in the
lower quadrant of horizontal pipe than in the upper. Heterogenous flow results in a slight
increase in abrasion in the lower quadrant of horizontal pipe, and along the outside radii of
elbows regardless of orientation, but is more economical to maintain than homogenous flow
because less pumping power is required. FGD process piping is generally sized for bulk fluid

velocities of 1.5 to 2.4 m/s (5 to 8 ft/s) to maintain heterogenous slurry flow.

If the velocity is allowed to drop below the critical transition velocity for
heterogenous flow, corresponding approximately to the transition from turbulent to laminar
flow, saltation flow occurs as the particles settle to the point that they begin to bounce along
the bottom quadrant of the pipe, resulting in a significant increase in abrasive wear. Sliding
bed flow occurs when the particles have fallen out of suspension and are rolled or dragged
along the bottom of the pipe by the liquid phase. Sliding bed flow results in very high

abrasive wear.

Particles larger than 200 um generally cannot be maintained in homogenous
flow regardless of velocity, and heterogenous flow is the best condition that can be obtained.
Saltation flow and sliding bed flow of larger particles are increasingly difficult to avoid and

are particularly damaging.
Sizing of Pipe

As described above, FGD piping is generally sized to maintain bulk velocities
of 1.5 to 2.4 m/s (5 to 8 ft/s), though at least one system operates slurry lines at 18.3 m/s (60

ft/s) (6). Specification of pipe sizes to maintain the desired bulk velocities is not as simple as

it might be because of peculiarities in the way pipe size is denoted.

11.7-7



Pipe product sizes in the United States are denoted by the Nominal Pipe Size
(NPS),” formerly designated as the Inch Pipe Scale (IPS). For NPS pipe sizes of 14 and
above, the pipe size equals the outside diameter (OD), but this is not true of smaller pipe
sizes. This makes providing metric equivalents of NPS pipe sizes difficult. Table 7-2 shows
the metric equivalent of NPS sizes 2 through 24, as well as the actual outside diameters in

inches and millimeters.

Far more important from a design standpoint is the internal diameter (D),
because the ID defines the relationship between bulk fluid velocity, volumetric flow rate, and
pressure drop. The IDs of different pipe products having the same nominal ODs vary
considerably. For example, while NPS size 4 pipe (approximately 102 mm nominal OD) of
all materials will have the same actual outside diameter (4.5 in. or 114.3 mm), the internal

diameter differs from material to material because of differences in wall thickness.

Figures 7-1 through 7-3 compare the capacities of pipe of different sizes and

material according to three criteria:
o Relative volumetric flow as a function of pipe diameter at a constant
bulk fluid velocity (Figure 7-1);

o Relative volumetric flow as a function of pipe diameter at a constant
pressure drop (Figure 7-2); and

o Relative pressure drop as a function of pipe diameter at a constant

volumetric flow rate (Figure 7-3).

The equations for the curves in these figures were derived by normalizing a

general equation for turbulent pipe flow with respect to Schedule 40 carbon steel pipe of the

* Nominal Pipe Size (NPS) actually designates the size of the die used to externally
thread the pipe. All pipe of a given NPS size can be externally threaded with the same die.
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Table 7-2

Nominal and Actual Pipe Sizes

e —
[r—— —

- .. Nominal Pipe Size .| " Aet
' 'NPSsize | Cmn
2 51

102
152
203
10 254
12 305
14 356
16 406
18 457
20 508
22 559
24 610

I | |W
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Nominal Pipe Size (mm)
51 102 152 203 254 305 356

Constant Bulk Velocity

T\

/.,

ALLOY

Relative Volumetric Flow (C-Steel = 1)

\\ C-Steel
RLS

><\—
\
><\ EHDPE SDR 9

e S
CHDPESDR 7.8

2 4 6 8 10 12 14

Nominal Pipe Size (in.)

C-STEEL = unlined carbon steel, Schedule 40
ALLOY = stainless steel, nickel-base alloys, or titanium
RLS = carbon steel with rubber liner
FRP = fiber-reinforced plastic pipe
EHDPE = extra-high-density polyethylene

Figure 7-1. Relative Volumetric Flow Rates of FGD Pipe Materials
at Constant Bulk Velocity
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Relative Volumetric Flow (C-Steel = 1)

Nominal Pipe Size (mm)

51 102 152 203 254 30% 356 406
2.0 T
Turbulent Flow
Constant Pressure Drop
1.8
& \
\ FRP -
1.41 : \ )
1.2
ALLOY
1.0
\\ C- STEEL
S
0.8- ></ ALS
: ______ EHDPESDR9
\ \
0.6 T
EHDPESDR7.3
0.4
2 4 6 8 10 12 14 16

Nominal Pipe Size (in.)

C-STEEL = unlined carbon steel, Schedule 40
ALLOY = stainless steel, nickel-base alloys, or titanium
RLS = carbon steel with rubber liner
FRP = fiber-reinforced plastic pipe
EHDPE = extra-high-density polyethylene

Figure 7-2. Relative Volumetric Flow Rates of FGD Pipe Materials
at Constant Pressure Drops in the Turbulent Flow Regime
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Relative Pressure Drop (C-Steel = 1)

Nominal Pipe Size (mm)

40 51 102 152 203 254 305 356 406
Turbulent Flow
Constant Volumetric Flow for Each Pipe Size
3.5+
3.0+
2.5- EHDPESDR 7.3 —
/
2ol /
EHDPE SDR 9
//
1 .5 =1 >< RLS
1.0 £
/ C-STEEL ALLOY
0.54 FRP
L
0.0: .
2 4 6 8 10 12 14 16

Nominal Pipe Size (in.)

C-STEEL = unlined carbon steel, Schedule 40
ALLOY = stainless steel, nickel-base alloys, or titanium
RLS = carbon steel with rubber liner
FRP = fiber-reinforced plastic pipe
EHDPE = extra-high-density polyethylene

Figure 7-3. Relative Pressure Drops of FGD Pipe Materials
at Constant Volumetric Flow Rates in the Turbulent Flow Regime
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same nominal pipe size." The general equation for turbulent flow in a cylindrical pipe, taken

from Reference 7, is:

AP, = k G176 024 076 [y-476 (7-2)

where:

AP; = Pressure drop per unit length of pipe;
= A proportionality constant which includes a correction for pipe
roughness (friction factor);
G = Volumetric flow rate; -
D = Actual inside diameter;
1) = Fluid viscosity; and
p = Fluid density.

Equation 7-2 is applicable to both metric and U.S. customary units of measure;
only the value of the proportionality constant, k, would differ. The normalization assumed
that the friction factor was material-independent, a reasonable first approximation. The

dimensionless normalized equations are, respectively:

VvV 2
72 = (5‘3) at constant bulk fluid velocity (7-3)
1 1
v 270
;/_-2- = (%) at constant differential pressure (7-4)
1 1

" ANSI Standard B36.10 defines pipe dimensions according to nominal pipe size (NPS),
actual OD, and wall thickness. The wall thickness is defined in terms of "schedules." Pipe of
increasing diameter within each schedule has increasing wall thickness. Schedule 40 has the
thinnest wall which can be threaded, and is the most commonly specified thickness of carbon
steel pipe.
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AP, d 476 .
—2 =1 at constant volumetric flow rate (7-5)
AP, d,
where:
AP = Pressure drop;
d = internal diameter; and
\'% = volumetric flow rate.

The subscript "1" denotes carbon steel pipe, and the subscript "2" denoting the alternate pipe
material.

Equation 7-3 is valid for any non-zero flow rate, while Equations 7-4 and
7-5 are valid only in the turbulent flow regime. As discussed above, slurry flow must be

maintained in the turbulent regime to avoid severe abrasive wear.

Figures 7-1 through 7-3 show that rubber-lined steel pipe suffers a significant
penalty in capacity compared to unlined garbon steel pipe because of the reduction in internal
diameter resulting from the rubber lining. Therefore, the desiéner may need to specify a
larger nominal pipe size when designing with rubber-lined steel pipe than when designing

with unlined carbon steel pipe.

Extra-high-density polyethylene (EHDPE) pipe, an extruded thermoplastic,
must have robust walls to withstand FGD operating pressures at normal slurry temperatures.
Pipe dimensions for this product are defined by both the pipe diameter and the standard
dimension ratio (SDR).” Figures 7-1 through 7-3 show the normalized flow and pressure
drop parameters for the two SDRs most likely to be used in FGD applications. It is highly
probable that larger nominal pipe sizes will be needed when designing with EHDPE or similar

thermoplastic piping.

* The standard dimension ratio is the ratio of the pipe outside diameter and the nominal
wall thickness. For FGD applications, SDRs of 9.3 or less should be specified to avoid long-
term creep failure.
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On the other hand, FRP pipe has a larger relative capacity than Schedule 40

carbon steel at all diameters, and the designer can sometimes specify a smaller size of FRP

pipe.

The designation "ALLOY" in Figures 7-1 through 7-3 refers to stainless steels,
nickel-based alloys, and titanium. Schedule 40S was used to calculate the rel‘ative flows and
pressure drops for alloy and titanium pipe. However, thinner-walled material is frequentiy
specified to save money. This also has the effect of increasing the internal diameter for the
same nominal pipe size.

Avoiding Local Flow Accelerations

The designer needs to be particularly aware of piping geometries and
configurations which can lead to local acceleration. of the slurry flow, since erosion associated
with local acceleration is probably the most common cause of piping failure. In particular,

abrupt reductions in diameter should be avoided and long-radius pipe fittings should be used.
Pipeline Cleanliness

Maintaining the internal cleanliness of pipelines is extremely important to
process reliability. All sections of the pipeline should be inspected for foreign objects prior to
startup and after outages. Such objects, in addition to causing pump or valve failure, can
produce erosive failure of the pipe, whether it is carrying slurry or clear water. Pipe inlets
should be protected by screens or sieves to prevent the entry of foreign objects or chunks of

scale. Many FGD systems have been incapacitated by scraps of tubber liner that are drawn

into the piping.

FGD process piping is subject to scaling if the slurry supernatant becomes

supersaturated as a result of mixing of process streams, decreasing temperature, or
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evaporation. Even minor scaling can drastically increase the amount of pumping effort

required to maintain flow.

Scale will have the greatest tendency to adhere to rubber-lined, carbon steel,
and alloy piping; a lower tendency to adhere to FRP piping; and the least tendency to adhere
to extruded thermoplastic piping such as EHDPE.

The risk of scaling and plugging of slurry lines is greatly increased if the lines
are allowed to "silt up" during outages when the slurry settles and may become cemented by
precipitating minerals. All FGD slurry piping should be designed with provisions for purging
at design velocities with clear process water. All piping should be designed so that it can be
drained during major outages.

It is also desirable that long runs of slﬁrry line piping in FGD systems, such as
lines running to and from ponds, be designed with provisions for pigging.” Designing a
piping system for pigging requires installation of pig launchers and catchers, and requires that
there be no sharp turns in direction or reductions in internal diameter between pigging

stations.

~ Carbon steel and alloy piping can be pigged with hard pigs equipped with
brushes and scrapers. FRP and extruded thermoplastic piping should be pigged only with soft
pigs. Rubber-lined piping should not be pigged.

" "Pigs" are devices inserted into and propelled through the pipeline to mechanically
clean the interior surfaces of scale and deposits in a process called "pigging." The simplest
pigs look like large rubber bullets. Pigs come in a variety of types and sizes and may be
smooth or equipped with various scrapers and brushes. Pigs are either pushed through the
piping by hydraulic pressure, or pulled through by a cable carried through the piping by a
lightweight pilot pig.
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Pipe Burial

Some of the FGD piping is commonly buried, either directly within the soil or
in culverts or lined trenches. Buried steel pipe requires protection against external corrosion,
particularly where there is a potential for exposure to spilled FGD process liquids or road-salt
runoff. At a minimum, the external protection‘should include an anti-corrosion barrier wrap
or polyethylene coating. If practical, cathodic protection should also be applied, althougﬁ
cathodic protection of buried structures in a power plant environment can be difficult. The
problem result from the proximity of the piping to the buried structures of other (electricaily
separate) systems, as well as large stray current fields from the plant’s electrical grounding
system. Corrosion-resistant alloy piping requires similar external protection when buried,
especially if there is the potential for exposure to road-salt runoff.

;

Nonmetallic piping, such as FRP and EHDPE, does not require external
corrosion protection when buried, but does require special protection against point loading by
rocks in the backfill. This protection is achieved by the use of special backfills. These
materials are also less resistant to external collapse, and their collapse strength limitations
must be carefully considered. The manufacturer’s product-specific design and installation

guidelines should be reviewed and followed exactly.

One final consideration: EHDPE pipe is lighter than water and will float.
Special weights must be attached to the pipe if it is run into or through ponds.

Freeze Protection

Entire FGD systems have been taken out of service for the long periods of time
because of freezing of long slurry lines exposed to ambient winter weather conditions (8).
While the lines in question were not susceptible to freezing during normal operations, line
freezing did occur during a brief plant outage in very cold weather. Freeze protection should

be considered for FGD process piping which might freeze in the event of upset or plant

11.7-17



outage conditions. The need for freeze protection will depend on plant location and exposure

of the piping to the elements.

Designers also should be aware that the gelation, pour-point, and pumpability

temperatures of organic additive solutions may be significantly different than those of water.

73 Material Selection

Material selection considerations for carbon steel, stainless steel and nickel-
based alloy pipe, titanium, FRP, and EHDPE pipe are summarized in Tables 7-3 through 7-8.

7.4 Recommendations

o Vinylester-based glass fiber reinforced-plastic (FRP) pipe is
recommended for first consideration in most FGD applications external
to the FGD absorbers.

° For slurry service the FRP must have an abrasion-resistant (AR) liner.

J FRP pipe with both an abrasion-resistant liner and abrasion-resistant
outer coat is recommended for absorber spray header service provided
that adequate protection from structural damage during maintenance
activities can be assured by design. Alloy or rubber-lined rubber-
covered steel piping is recommended if the headers cannot be fully
protected from mechanical damage during maintenance activities.

. Slurry velocities must be adequate to maintain homogenous or
heterogenous flow, but not so high as to cause severe high-velocity
abrasion. For most materials of construction, the bulk velocity should
not exceed 3.7 m/s (12 f/s). Titanium is recommended for situations
where slurry velocity will exceed 3.7 m/s (12 ft/s) up to 18.3 m/s (60
ft/s).

. EHDPE pipe may be attractive for long runs of buried thickener
overflow or underflow piping to ponds or related points.
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Table 7-3
Carbon Steel Pipe

Description

- 7| Carbon steel pipe generically described as black iron pipe.

Applications - -+

Fire water, service water, mist eliminator wash water
external to absorbers if ME wash water is service water.

Method(s) of joining

= Welding, flanges, threaded connections.

.| None within FGD operating temperatures.

Temperature limit -. -

Chemistry limits

Low TDS water with pH = 6. Reagent slurry in some
systems.

Upper bulk velocity limit
for slurry

Typically 1.5 to 2.4 m/s (5 to 8 ft/s).

Linear weight

Relatively high.

Friction factor

Medium.

Coefficient of linear
thermal expansion

~11.8 pm/m-K (6.6 pin/in-°F).

Thermal derating of
pressure limits

Nil within the FGD operating temperature range.

Thermal changes in
intermittent support/anchor
requirements

Little change from room temperature requirements.

Scaling tendency

| Scale will tend to nucleate on and adhere to steel,

particularly once corrosion has roughened the surfaces.

Piggability

Hard pigs with scrapers and brushes as well as soft pigs
can be used.

Considerations not
addressed above

None.
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Table 7-4

Rubber-Lined and Rubber-Lined, Rubber-Covered Steel Pipe

Carbon steel pipe lined with natural or chlorobutyl rubber

Description S
2| for abrasion resistance. If used within absorbers, the pipe
| is also covered with rubber.
Applications 7 '-_: Rubber-lined pipe has been widely used to convey slurries
“-.| within the FGD system. Rubber-lined, rubber-covered
| pipe is used as headers within the absorbers.
Method(s) of joining - Bolted flanges. -

Temperature limit

93°C (200°F).

Chemistry limits

No chemistry limits. Exposure to oil is detrimental.

Upper bulk velocity limit
for slurry

Typically 1.5 to 2.4 m/s (5 to 8 ft/s).

Linear weight

Slightly higher than steel.

Friction factor

Significantly higher than steel.

Coefficient of linear
thermal expansion

~11.8 pm/m-K (6.6 pin/in-°F).

Thermal derating of
pressure limits

Nil within the operating limits of the FGD system.

Thermal changes in

intermittent support/anchor

requirements

Little change from room temperature requirements.

Scaling tendency

Somewhat higher than steel.

Piggability

No.

Considerations not
addressed above

» Very high levels of abrasion resistance.

» Over-tightening flanges can'rupture the rubber liner.

» Should liner rupture occur, strong tendency for the
liner to slough and then plug pipes, valves, and pumps.

» Liners have been sucked off the pipe walls at pump
intakes with excessively low NPSH.

» Frequently necessary to select nominal pipe size one
step larger than equivalent steel or alloy pipe to allow
for the thickness of the rubber liner and increased pipe
friction coefficient.
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Table 7-5

Austenitic Stainless Steel and Nickel-Based Alloy Pipe

Description - :

.| Pipe of austenitic stainless steel or nickel-based alloys.

Apphcaﬁons

| Primarily used as headers within absorbers.

Method(s) of ]ommg

.| Welding, flanges. Threaded connections should be
“.| avoided.

Temperatare lumt

. None within the operating limits of FGD systems.

Chemistry lmnts . U

.| Alloy selection dictated by chloride levels--see Part I,

Section 5.6.1. Alloy selection should be dictated by the
worst environment to which the pipe will be exposed.

Upper bulk veloclty hmxt"
for slurry

Typically 1.5 to 2.4 m/s:(5 to 8 ft/s).

Linear weight

Slightly higher than carbon steel.

Friction factor

Slightly lower than carbon steel.

Coefficient of linear
thermal expansion

15.3 to 18.8 pym/m-K (8.5 to 10.4 pin/in-°F), grade
dependent.

Thermal deréting of
pressure limits

Nil within the operating limits of FGD systems.

Thermal changes in
intermittent supportfanchor
requirements - - :

Nil within the operating limits of FGD systems.

Scaling tendency skl

.' Slightly lower than steel because pipe surfaces are

smoother.

Piggability

Hard or soft pigs can be used. If scraper or bristle pigs
are used, the scrapers or bristles must be austenitic
stainless steel or nickel-base alloy.

Considerations not
addressed above

Flange gaskets must be of the non-wicking type.
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Table 7-6

Titanium Pipe

Description

- :‘_:};: Pipe of titanium grade 2.

Applications ¥~ ‘-
. - must be accommodated.

Limited use as external piping where very high velocities

Method(s)' of joinihg, i

Welding, flanges. Threaded connections should be
avoided.

Tempéra'ture':l:imi't.' AR

* ;| None within the operating limits of FGD systems.

Chemistry limits

| Limits probably not encountered in most FGD

applications.

Upper bulk velocity limit
for slurry

Up to 18 m/s (60 ft/s).

Linear weight

58% of equivalent carbon steel pipe.

Friction factor

Slightly lower than carbon steel.

Coefficient of linear
thermal expansion

~8.6 pm/m-K (4.8 pin/in-°F).

Thermal derating of
pressure limits

Nil within the operating limits of FGD systems.

Thermal changes in

intermittent supportfanchor

Nil within the operating limits of FGD systems.

requirements
Scaling tendency Slightly lower than steel because pipe surfaces are
' “{ smoother.
Piggability Hard or soft pigs can be used. If scrapper or bristle pigs

are used, the scrapers or bristles must be titanium,
austenitic stainless steel or nickel-base alloy.

Considerations not
addressed above

Flange gaskets must be of the non-wicking type.

I1.7-22




Table 7-7
FRP Pipe

Fiber-reinforced plastic pipe. Vinylester is the preferred

Description o
.| resin. Pipe must have an AR lining. If used within the
absorber, must have AR external coat as well.
Applications -] Very widely used for slurry transport outside the

~ | absorbers. Used to a lessor extent for spray headers.

Also usable for chemical additive transfer lines.

Method(s) of joining

Solvent bonding is the preferred method. Flanged

| transitions to other materials.

Temperature limit -

93°C (200°F).

Chemistry limits

None as pertains to FGD operations.

Upper bulk velocity limit
for slurry

Do not exceed 3.65 m/s (12 ft/s). Design velocities of
1.5 to 2.4 m/s (5 to 8 fi/s) typical.

Linear weight

11 to 14% of carbon steel.

Friction factor

Much lower than carbon steel.

Coefficient of linear
thermal expansion

19.1 um/m-K (10.5 pin/in-°F).

Thermal derating of
pressure limits

30% reduction with temperature increase from 24°C
(75°F) to 93°C (200°F).

Thermal changes.in. . .

intermittent support/anch_o:x;

requirements

Reduce maximum allowable spacing between anchors or
supports by 14% at 66°C (150°F), 23% at 93°C (200°F).

Scaling tendency

Somewhat less than carbon steel.

Piggability

Soft pigs only.

Considerations not
addressed above

» FRP pipe is easily damaged'by point external loads.

» Particular care should be taken that FRP piping within
absorbers not be used as load-bearing structures during
maintenance.

» Walking on FRP piping or laying scaffolding planks
across it can cause failure.
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Table 7-8

Extra-High-Density Polyethylene (EHDPE) Pipe

Description | Extruded thermoplastic piping of extra-high molecular
| weight polyethylene.
Applications " | External slurry transfer lines. Would be a good candidate
: SRR 1 for chemical additive lines.
Method(s) of joining - " | Thermal fusion. Special fittings for flanged transition to
< e o] other materials.
Temperature Limit 66°C (150°F) for pressurized service.
Chemistry limits EHDPE is inert to the chemicals and constituents present

in FGD process streams.

Upper bulk velocity limit
for slurry

2.1 m/s (7 ft/s) for pipe under 10 inches (254 mm). 3
m/s (10 ft/s) for pipe between 10 inches (254 mm) and 28
inches (711 mm).

Linear weight

25 to 50% of the weight of equivalent carbon steel pipe.

Friction factor

Lower than ‘steel pipe.

Coefficient of linear
thermal expansion

162 pym/m-K (90 pin/in-°F).

Thermal derating of
pressure limits

Severe; see Figure 7-4.

Thermal changes in

infermittent suppqrtlax_xéﬁ_or .

requirements

Requirement for support increases rapidly with decreasing
temperature. Continuous support required at 150°F.

Scaling fendency

Scale has little tendency to adhere to this material.

Piggability

HDPE pigs only.

Considerations not
addressed above

» The high coefficient of thermal expansion, coupled
with material softening at FGD process temperatures,
means that particular care must be given to anchoring
and support.

» The extremely thick walls of EHDPE pipe relative to
other options means that larger nominal pipe sizes must
be selected.
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Pressure Derating Factor (unitless)

Temperature (C)

12 ?0 ' 3.0 ' 40 . §0 ) 60 70 80 80
Do not use above 150 F (85.6C).
Continuous support required —>
1.0- at 150 F (66.6 C).
0.8-
0.6
0.4
0.2+
0.0 T T T T T T :
60 80 100 120 140 160 180 200

Temperature (F)

Figure 7-4. Pressure Derating Factor for EHDPE Pipe
as a Function of Process Temperature

I1.7-25




7.5

References
Electric Power Research Institute. Coal Slurry Feed Pump for Coal
Liquifaction. AF-853. Palo Alto, California, 1978.

Electric Power Research Institute. Coal Slurry Feed Pump for Coal
Liquifaction: Phase II. AF-1189. Palo Alto, California, 1979.

Glasser, W.A. and T.A. Dow. "Mechanisms of Erosion in Slurry Pipelineé."

In: Proceedings of the 2nd International Technical Conference on Slurry
Transportation. Energy Research and Development Administration, Las Vegas,

Nevada, March 2-4, 1977. -

Electric Power Research Institute. Causes of FGD Construction Materials

Failures, Volume 1: September 1982 - July 1985, Appendix H. GS-6396V1.
Palo Alto, California, 1989.

Ellis, P.F., G.D. Jones, and D.A. Stewart. "FGD System Failure Analyses:
Metallic Components." Presented at Corrosion/85. NACE, Houston, Texas,
1995.

Telephone conversations with Mr. Steve Christofferson of Potomac Electric
Power Company, April 1988.

A.O. Smith-Inland, Inc. "Pipe Engineering and Design." Fiberglass Reinforced
Piping Systems. Little Rock, Arkansas, 1978.

Electric Power Research Institute. Causes of FGD Construction Material

Failures, Volume 2: August 1985-December 1986, Appendix A. GS-6395V2.
Palo Alto, California, 1989.

I1.7-26



8.0 VALVES

Like the flue gas dampers discussed in Part II, Section 4, the FGD system
valves are used for two purposes: equipment isolation and flow control. Isolation (shut-off)
valves are located throughout the various piping systems to permit isolation and maintenance
of piping, pumps, tanks, instruments, and control valves. The use of control valves in FGD
systems is more limited, and throttling service in particular is avoided as much as possibfe in
piping systems handling abrasive slurries. In many cases, variable flow pumps, on/off valve
operation, and other process alternatives are preferred over flow control valves to avoid

excessive valve wear.

The types and designs of both isolation and control valves used in FGD
systems are dependent upon the characteristics of the fluid handled. The service conditions
present in several FGD process streams were presented in Table 7-1 in the Section 7.0--Piping

(the previous section).

8.1 Types Available

Unlike flue gas dampers, of which there are only two basic types, a wide
variety of valve types are used in an FGD system. All of the standard types of valves found
around a power plant may be used in clear-water service [i.e., FGD system makeup water
lines and mist eliminator (ME) wash water lines] within the FGD system. However,
specialized valves are required for corrosive, abrasive, and scaling fluid services. Because the
same valve types are rarely suitable for both isolation and flow control, valves of different

types are frequently used in series to achieve both functions. The valves found in an FGD

system generally are one of the following four types:

o Knifegate valves;
. Pinch valves;

o Butterfly valves; and

I1.8-1



. Plug/ball valves.

FGD system vendors typically base their designs around specific valve types,
and even specific valve suppliers, on the basis of the operating experience at their existing
FGD system installations. In some cases, the vendors have designed specialized valves for
use in their systems to address unique or especially difficult operating conditions. Because of
the very wide variety of these unique valve types, this manual will limit discussion to the four
general types listed above. Additional discussions of valves used in FGD systems and other
pollution control equipment is available from sources in the technical literature (1,2) and from

valve manufacturers.
8.1.1 Knifegate Valves

A knifegate valve, shown in Figure 8-1, uses a thin blade of alloy steel to shear
through any solids that may have deposited in the valve body. The knifegate valves used in
first-generation FGD systems were typically standard, process water, knifegate valves and had
blades that seated against an internal rubber gasket, as shown in Figure 8-1. These valves
required packing around the blade entrance to prevent leakage. This packing was susceptible
to damage when deposits on the blade were dragged though the packing material. Also,
these valves were prone to leaking around the blade to the environment if the packing gland
was not correctly tightened. In addition, solids deposition in the internal valve seats often
prevented the blade from seating. tightly, which resulted in fluid leaking past the valve into the

isolated line.

Today, most of the knifegate valves used in FGD service are of the
"packingless" type shown in Figure 8-2. The valve blade on this style of valve is completely
withdrawn from the slurry when in the open position. The two pieces of the valve’s internal
liner are held tightly together with stiffeners to form a leak-tight seal. As the valve closes,
the blade separates the mating liner faces around the entire periphery of the valve. In

knifegate valve designs of this type, this sealing system results in a small amount of leakage
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when the valve is opened or closed; however, the leak volume is relatively fninor and the
design eliminates the potential that solids deposition could prevent the blade from closing.
Unless otherwise stated, all of the following discussions of knifegate valves refer to the
packingless type.

Knifegate valves are available for piping from less than 76 mm (3 in.) in

diameter to over 1 m (39 in.) in diameter.
8.1.2 Pinch Valves

The term "pinch valves" describes a class of valves that use an elastic liner that
collapses to "pinch" off the process flow. Valves in this class include pinch valves,
diaphragm valves, and concentric-orifice valves, as shown in Figures 8-3, 8-4, and 8-5,
respectively. The valve closure force may be manual, electric, pneumatic, or, less frequently,

hydraulic.

These valves are more limited in size than knifegate valves. The pinch and
diaphragm type valves are available for piping up to 406 mm (16 in.) in diameter and the

concentric-orifice valve is available for piping up to 203 mm (8 in.).
8.1.3 Butterfly Valves

The sealing elements of butterfly valves are disks that rotate on an axis
transverse to the fluid flow, as shown in Figure 8-6. Rotating the disk varies the effective
open area of the valve. The valve disk seats against seals around the periphery of the valve
body. Additional seals are used at the blade shaft to prevent solids from entering this area.
Because the disk and seals remain in the fluid flow at all times, these areas are subject to

erosive wear, especially when the valve is nearly closed.
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Butterfly valves are available for piping diameters from less than 50 mm (2 in.)

to over 1 m (39 in.).
8.1.4 Plug/Ball Valves

Plug and ball valves are very similar in their design, differing primarily by the
shape of the internal sealing component (the valve i)lug). A plug valve uses a tapered conical
plug with a generally rectangular flow passage, as shown in Figure 8-7; a ball valve uses a
spherical plug with a circular flow passage. The shape of the flow passage may be varied by
the valve manufacturer to enhance the performance of the valve in flow-control service. Seals

are required around the plugs of both types to prevent the fluid from leaking past the plug.

Plug and ball valves are available for piping diameters from less than 50 mm
(2 in.) to over 203 mm (8 in.).

8.2 Design Considerations
8.2.1 Process Considerations

The most important process considerations related to valve selection are the

following;:

] Valve service (isolation, flow control, or both);
o Fluid characteristics (abrasive, corrosive, scaling, or clear water); and
. Operational frequency.

Valve Service

The isolation and flow control characteristics of the four valve types in various

process service conditions are presented in Table 8-1. Where a range of service suitability
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ratings is indicated for a valve type, the appropriate rating depends on the specific service
conditions. For example, a butterfly valve may be suitable for isolation service in the
moderately abrasive conditions presented by the 10 to 15% solids slurry in the absorber
module recirculation lines, but would be unsuitable for the same service in a limestone

reagent slurry line handling an extremely abrasive, 30 to 40% solids slurry.

Knifegate valves are full-port valves that offer no restriction to the fluid when
in the open position. These valves are very suitable for process isolation for any of the FGD

process flows, but should not be used for modulating flow control.

All three pinch valve types are full-port valves that offer limited restriction to
the fluid when in the open position. With the exception of the concentric-orifice type pinch
valve, pinch valves are capable of tight shutoff, even on entrapped solids, and are suitable for
isolation service. However, because the closure force must be maintained at greater than the
process fluid pressure at all times, these valves have a lower service-suitability rating for
isolation than knifegate valves. If the closure force is lost, due to low service air pressure for

example, leakage past the valve is possible.

As noted in Table 8-1, pinch valves vary widely in their suitability to isolation
and flow control service. Standard pinch valves are not frequently used for flow control in
FGD systems because the high fluid velocities experienced when the valve throttles the flow
can erode the elastic valve liner. However, the diaphragm-type pinch valve provides good
flow control for clear process water and mildly abrasive slurries. The concentric-orifice valve
was designed specifically for throttling service in abrasive slurries but cannot provide isolation
service. The orifice of this valve contracts concentrically as the valve closes. The minimum
flow through this valve at the smallest orifice diameter is approximately 20% of its maximum

flow. When flow control and isolation are both required, a concentric-orifice valve must be

coupled with a valve suitable for isolation valve service.
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Butterfly valves and plug/ball valves can be used for both isolation and flow
control services depending on the fluid characteristics, as discussed below. Both valve types

have their highest suitability ratings for clear water and corrosive service.
Fluid Characteristics

Table 8-1 rates the suitability of the four valve types in relation to four typ.es of
FGD system process ﬂuicis: clear water, abrasive fluids, corrosive fluids, and scaling fluids.
Examples of each of these process fluids were presented in Section 7.0--Piping. In general,
all of the valve types are well suited to clear water service. Even standard knifegate valves

with packing will perform satisfactorily in this service.

The suitability to abrasive fluids for these valves is related to the degree of
abrasion present and the design of the valve. Any internal valve structures, locations of
abrupt changes in fluid direction, and areas of high liquid velocity are likely to experience
abrasive wear in proportion to the solids content of the fluid. As discussed in the section on
piping, the most abrasive fluid handled in an FGD system is the limestone reagent slurry.
Full-port valves such as knifegate valves are most suitable to isolation service with abrasive
slurries. Some FGD vendors have experienced good performance from lined butterfly valves

in absorber recirculation pump isolation service and in other moderately abrasive areas.

A valve’s suitability to corrosive fluid service depends on the chemical
characteristics of the fluid being handled. If the corrosive fluid being handled is a chemical
additive such as DBA or formic acid, then a packingless knifegate valve would be unsuitab]e
to the service because these valves leak when opening and closing, and such leaks would
produce hazardous working conditions. However, if the corrosivity results from high chloride
levels, as in a thickener overflow line, then packingless knifegate valves would be suitable.
From chemical additive lines and other corrosive fluid lines where leaking cannot be tolerated,
diaphragm, butterfly, and plug/ball valves are suitable for both isolation and flow control

services.
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No one specifically designs an FGD system to produce scaling fluids; in fact,
considerable effort is expended in preventing scaling conditions from developing.
Nevertheless, some FGD process fluids can become scaling under certain conditions. For
example, the solubility of calcium sulfate decreases as the fluid temperature decreases.

During the winter, the decant water from a gypsum stacking operation (which would be
saturated with calcium sulfate and contain very few solids) may experience a temperature drop
if the return pipe is located above grade and exposed to the wind. Under these conditioné, the
decant water can become scaling.

Suitability to scaling fluid service depends primarily on the method of sealing
the valve. If the buildup of scale in the valve could prevent the valve from sealing, that valve
would not be suitable for isolation service. Butterfly valves suffer from this problem. If
scale could build up between the valve body and internal moving parts, the valve might not
be able to open or close when needed. Both butterfly and plug/ball valves are susceptible to

this mode of failure.
Operational Frequency

Operational frequency refers to how often the valve opens or closes. This
process characteristic varies widely in the FGD system. For example, the absorber module
recirculation pump isolation valves may remain in the open or closed position for several
months or longer without being actuated. On the opposite end of the spectrum, each ME
wash water valve opens and closes several times each hour. In flow control service, such as
reagent slurry feed rate control, the valve position may be constantly changing or may change
every few minutes. Frequent cycling reduces the potential for valve failure by scaling or

solids deposition, but increases valve wear.
Knifegate valves are not designed for frequent cycling. The movement of the

blade in and out of the mating body seals is the principal source of wear. Also, the small

amount of leakage that occurs during opening and closing could become a maintenance
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nuisance if the valve is cycled frequently. For these reasons, knifegate valves are most often
used in services where they do not cycle frequently. These services include pump isolation
and tank drains.

Pinch valves are very suitable to frequent cycling but can also be used in

normally open/normally closed service. The flexible linings used in this type of valve are the
major wear part and are capable of several thousand cycles between failures. Diaphragm.
valves are often used in ME wash water lines because of their long life in cycling service and
ease of repair. The flexible liner is relatively inexpensive and can be replaced in less than
one hour. There is a concern regarding the use of pinch valves in normally closed service
when the valves operate very infrequently. The elastic lining is normally in tension when the
valve is closed. The lining, therefore, is much more prone to failure due to tears or stretching
when left in the closed position. For this reason, pinch valves are not recommended for tank

drain valves and similar, normally closed services.

Butterfly and plug/ball valves are well suited to frequent cycling. However, if
left in the open or closed position for long periods of time (especially in scaling-fluid
service), the internal valve parts may become frozen in position and actuation may become

difficult or impossible.
8.2.2 Mechanical Considerations

The actual design of the valves used in an FGD system is the responsibility of
the valve manufacturer and the FGD system vendor. However, when specifying valves for

FGD service, the utility engineer must frequently set the maximum fluid velocity through the

valve and the type of actuators that will be used.
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Maximum Fluid Velocity

The maximum fluid velocity through the valves should consider the same
ranges used in the sizing of FGD system process piping. Therefore, the valve size normally
matches the size of the pipe in which it is installed. In some cases, however, smaller valves
(with resulting higher fluid velocities) are used. This is most often seen in flow control

valves, where a smaller valve may be used to obtain the correct flow control characteristics.
Type of Valve Actuators

Valve actuators can be manual, electric, pneumatic, or hydraulic. The type
selected depends on factors such as the valve design, frequency of actuation, required

actuation time, and actuation force required, as well as utility and vendor preferences.

Manually operated actuators are available for all four types of valves, but are
limited to applications where the valve is infrequently actuated and actuation can be delayed
until operating personnel can reach the valve. Examples of manually actuated valves are tank
drain valves and maintenance isolation/bypass valves ahead of control valves or instruments.
Even for infrequently operated valves, the valve type and size can preclude the use of manual
actuators. Large knifegate valves in particular are very difficult to close manually. Even with
mechanical gear drives to reduce actuation effort, it may take more than five minutes of

concentrated effort to close a 305-mm (12-inch) valve.

Electric actuators are frequently applied to valves of all types in locations with
poor accessibility and to valves that must be actuated remotely. Electric actuators may be
either solenoids or electric motors. Solenoid actuators are limited to small valves such as
those used for automatic drain and flush lines in slurry piping. Solenoid actuators do not

have enough power to operate the knifegate valves used in the FGD system. Electric motor

actuators are used for larger valves when the actuation force exceeds the capability of a
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solenoid. They are especially useful when the actuation force also exceeds the capability of a

pneumatic actuator or when station air is not available at the valve location.

The majority of the FGD system process valves equipped with actuators use
pneumatic actuators. Compared to electric motor actuators, pneumatic actuators are less
costly and relatively more easily maintained. Pneumatic cylinders and electric solenoids are
the preferred methods of actuating frequently operated valves such as the ME wash water
valves. Pneumatic operators are also commonly applied to less frequently operated valves

such as pump isolation valves, and piping flush and drain line valves.

The use of hydraulic valve actuators is generally limited to the very large
absorber recirculation pump suction isolation knifegate valves. These valves may be 1 m (39
in.) in diameter or larger. The actuation force requirements of these valves may exceed the
capability of pneumatic actuators. A hydraulic actuation system is typically lower in cost and
less complicated than a comparable electric motor actuator. Although these valves are not
frequently operated, they are commonly opened and closed remotely as part of an automatic
pump startup/shutdown control logic. At facilities where more than three to five of these
large valves are used, a dedicated, centralized hydraulic system is typically provided for these
valve operators. Where fewer than three valves are used, it may be more economical to use

individual hydraulic systems for each valve or to use a portable hydraulic system to actuate

these valves.

8.2.3 Other Considerations

Another major consideration in the selection of a valve is its frequency of
operation and ease of maintenance, repair, and replacement. A valve that will be frequently
operated, such as an ME wash water control valve, should be easily accessible to maintenance
personnel, and the valve type used should permit quick inspection and replacement of the

parts most likely to fail. This is especially true for any valve that is used to control the flow
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of reagent feed slurry to the absorber modules because, regardless of valve type, these valves

will require frequent maintenance.

Some valves and valve components can be very large and heavy (e.g., the
knifegate blades on absorber module isolation valves). Accessways and room for temporary

hoists are necessary at these locations.

At times it may be necessary to use a cleaning rod on a valve to break free or
remove solids deposits that may have formed in the valve and associated piping. This
maintenance activity is most commonly applied to slurry tank drain valves. Full-port valves
such as knifegate and plug/ball valves are preferred for this service because the rodding

operation is less likely to damage valve internals.

As discussed in the Section 7.0--Piping, some pipelines may be designated for
periodic "pigging" to remove accumulated deposits. Valves used in such lines must be true
full-port valves presenting no reduction at all in the pipe internal diameter. Not even all

knifegate valves meet this requirement.

8.3 Material Selection

The materials used in FGD system valves depend on the characteristics of the
process fluids to which they will be exposed. Most valves used in FGD systems are rubber-

lined to withstand either abrasive or corrosive conditions in the reagent feed lines, absorber

recirculation lines, and thickener/hydrocyclone underflow slurry lines.

The blades of knifegate valves are typically fabricated of stainless steel,
although corrosion-resistant nickel alloys could also be used. In some knifegate valve
designs, it is relatively easy to replace the valve blade with the valve still in service. In such
cases, it may be more cost-effective to periodically replace the valve blade than to use a more

corrosion-resistant and expensive material.
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The flexible internal linings of pinch, diéphragm, and concentric orifice valves
are available in rubber and a variety of other materials. The valve manufacturer should be
consulted for a recommendation on the best material for the specific operating conditions. In

erosive service, the body of a diaphragm valve typically is rubber-lined.

The disk of a butterfly valve can be fabricated from stainless steel or another
corrosion-resistant alloy, or it can be lined with rubber or another corrosion/abrasion-resistant
material. Stainless steels and corrosion-resistant alloys should not be used as disks in valves
subjected to abrasive fluids. The reduced passage diameter of the butterfly valve increases the
fluid velocity in the valve relative to the velocity in the connecting piping. The abrasion by
the slurry solids can remove the protective oxide coating that protects the alloy from
corrosion. Because the disk shaft is not typically exposed to erosive conditions, it can be

fabricated from stainless steel or a corrosion-resistant alloy.

Plug/ball valves fabricated from stainless steel or nonmetallic materials are used
in chemical additive lines where resistance to corrosion is the most significant concern. When
used elsewhere in the FGD system, these valves typically have rubber-lined bodies with plugs

that are encapsulated with a corrosion/erosion-resistant lining material.

As stated several times in this section, the control of the reagent feed slurry
into the absorber modules is an especially difficult service. Some valve manufactures have
developed special plug/ball valves for this service. These valves use special ceramic materials

for the 'plugs to withstand the very high abrasive wear experienced by these valves.
8.4 Recommendations

. "Packingless" knifegate valves are preferred for equipment isolation
service in abrasive and scaling conditions where the valve is
infrequently operated.

. Pinch, butterfly, and plug/ball valves are preferred for flow control and
frequently operated valves.
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8.5

o

o If possible, flow control of abrasive slurries, such as the reagent feed
slurry, should be avoided by on/off valve operation, variable speed
pumps, or similar measures. When such slurry flow must be regulated,
valves specifically designed for extremely abrasive service should be
used.

o When used in slurry service, butterfly valves should be installed with
the blade shaft in the horizontal position to avoid binding the blade in
solids that may deposit on the bottom of the piping. The bottom of the
valve disk should rotate in the downstream direction.

. True full-port valves must be used in pipelines that will be "pigged" to
remove accumulated solids.
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9.0 SPRAY NOZZLES

Spray nozzles .are used to break up an FGD process liquid into small droplets
to promote gas/liquid mass transfer, to wash deposits from absorber surfaces, to wash vacuum
filter cake, or to cool the flue gas. The recommended nozzle type and mate;'ials of
construction vary with the location in the FGD process and the characteristics of the fluid
handled. In most cases, the type of spray nozzle used in each FGD application is selected by
the FGD system vendors on the basis of their experience and the specific requirements of

their systems.

9.1 Types Available

Three types of spray nozzles have been used in FGD systems: tangential
nozzles, axial nozzles, and spiral nozzles. Examples of these nozzles and their spray patterns

are shown in Figure 9-1.
9.1.1 Tangential Nozzles

Tangential nozzles usually produce a hollow-cone spray pattern where the
majority of the spray forms a ring pattern downstream of the nozzle. The fluid is introduced
tangentially to a swirl chamber and discharged through an orifice that is at right angles to the
inlet. There are no internal parts in these nozzles, resulting in a free-passage diameter”

approximately equal to the nozzle inlet diameter.

Tangential nozzles can produce a full-cone spray pattern if they have vanes in
the closed end of the whirl chamber that deflect some of the spray into the center of a
hollow-cone spray pattern. The free-passage diameter of these modified nozzles is equal to

that of the hollow-cone tangential nozzle, but the spray droplets produced are larger.

" "Free-passage diameter" corresponds to the largest diameter solid particle that can pass
through the nozzle.
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9.1.2 Axial Nozzles

Axial nozzles produce a full-cone spray pattern. Internal spinner vanes impart
a swirl to the slurry, which exits the orifice axially in line with the nozzle inlet. The free-
passage diameter is usually significantly smaller than the nozzle inlet diameter, but
approximately equal to the orifice diameter. An axial nozzle requires a lower pressure drop
across the nozzle to produce the same droplet size as a hollow-cone tangential nozzle. At
equal pressure drops, an axial nozzle produces a smaller droplet size than a tangential nozzle.

Filter cake wash nozzles are typically axial nozzles without internal spinners.
Instead, these nozzles use specially designed nozzle tips and orifices to concentrate the spray
in a full-cone, flat spray pattern. A typical spray pattern for these nozzles might be 50 mm (2
in.) wide by 305 mm (12 in.) long.

9.1.3 Spiral Nozzles

Spiral nozzles (also called "pig-tail” nozzles because of their shape) produce a
series of concentric hollow-cone spray patterns. As in the axial nozzle, the fluid inlet and
outlet of a spiral nozzle are on the centerline of the nozzle; however, the nozzle contains no
internal spinner vanes. Instead, the body of the nozzle is formed into a decreasing-diameter
spiral that shears the fluid into two or more concentric spray rings. In some spiral nozzles,
the concentric rings are close enough to form an essentially full-cone spray pattern. The
orifice diameter is the free-passage diameter and is typically less than the nozzle inlet
diameter. A spiral nozzle produces approximately the same droplet size distribution as a
hollow-cone tangential nozzle, but at a lower pressure drop. Higher flow rates are possible
with a spiral nozzle than with an axial flow nozzle at the same pressure, but the spiral nozzle

may be structurally weaker and more prone to breakage during absorber maintenance.
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An extra-passage type spiral nozzle provides greater free-passage diameter than
a standard spiral nozzle because it has fewer spiral turns. However, because of the fewer

spiral turns, an extra-passage nozzle produces larger droplets.

9.2 Design Considerations

9.2.1 Process Considerations

Five categories of spray nozzles are used in FGD systems:

Absorber slurry spray nozzles;

. Absorber slurry flooding nozzles;

. Mist eliminator (ME) wash nozzles;
| Vacuum filter cake wash nozzles; and
o Flue gas quench spray nozzles.

These spray nozzles can be further categorized by their spray patterns, as

shown in Table 9-1.

High-pressure, absorber slurry spray nozzles are installed in the open spray
section of countercurrent absorber modules (See Part I, Section 4.2.1--Absorber Design
Alternatives for descriptions of the different absorber module types). These nozzles must
generate large numbers of very fine droplets in order to produce the required liquid surface

area for gas/liquid-mass transfer. Typically, droplet diameters for the slurry spray nozzles are
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Table 9-1 .

Spray Nozzle Types and Service Conditions

2 Serviee Fl “KPa (psi) | 7" Pattern”
Absorber spray Slurry 48-103+ Full-cone or
(7-15+) hollow- cone
Absorber packing flooding Slurry 7-70 Full-cone
(1-10)_
Mist eliminator wash Clear water 275 Full-cone
(40)
Vacuum filter cake wash Clear water 138-275 Full-cone
(20-40) (flat spray pattern)
Flue gas quench Clear water 275 Full-cone or |
(40) hollow-cone
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in the range of 2500 to 3000 pm Sauter mean diameter.” Both full-cone and hollow-cone

spray patterns are used in this service.

Low-pressure (flooding) slurry spray nozzles are installed in absorber modules
that use packing for gas/liquid contact, such as cocurrent absorbers, tray absorbers, and dual-
loop absorbers. It is not necessary to produce fine droplets above packing sections becauge
the packing provides a majority of the surface area for gas/liquid mass transfer. The Sauter
mean diameter for flooding nozzles can be as high as 5000 pym. Full-cone nozzles are

required for this service in order to ensure full coverage of the packing material.

ME wash nozzles are utilized to remove entrained slurry from the ME blades as
discussed in Part I, Section 4.4.6--Wash System Design Issues. Full-cone nozzles are used in
this service in order to wash all ME surfaces. The production of fine droplets is not desirable
for ME wash nozzles because fine droplets (less than 1700 pm in diameter) are more likely to
be carried through the ME by the flue gas. ME depoéits are removed either by the direct
impact of the sprays or by the washing action of the water collected on the ME blades, and
coarser droplets are suitable for both of these purposes.

Vacuum filter cake wash nozzles are used to spray fresh wash water that is low
in dissolved solids onto the byproduct solids filter cake during secondary dewatering by a
vacuum filter (see Part I, Section 4.8.2--Secondary Dewatering and Part II, Section 13--
Vacuum Filters). The wash water displaces the process liquor from the filter cake reducing
the filter cake’s soluble salts content. In most cases, commercial-quality gypsum byproduct
solids must be washed in order to meet the quality specification for soluble salts. The
production of fine droplets is not required since the principal purpose of the nozzles is to

evenly distribute the wash water across the entire width of the vacuum filter cloth.

" There are many different droplet diameter characterization methods, each serving a
specific process need. Sauter mean diameter is the most frequently used in FGD system
design since it is based on surface area. The Sauter mean diameter is the diameter of a
droplet having the same volume-to-surface area ratio as the total volume of all of the droplets
produced to the total surface area of all droplets.
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Flue gas quench spray nozzles are located in the inlet duct of each absorber
‘module and are used only in emergency situations. If the absorber module slurry spray
system fails (such as during a failure of the electrical power supply to the absorber recycle
pumps), then water from the plant fire protection system will be provided to the quench
nozzles to cool and saturate the hot [150°C (300°F)] absorber inlet flue gas. Quenching of
absorber inlet flue gas is required to avoid damage to temperature-sensitive absorber internals

such as absorber organic linings and ME blades. “Either a hollow-cone or full-cone spray

pattern is acceptable in this service.
9.2.2 Mechanical Considerations
The following mechanical considerations influence the design of spray nozzles:

o Number of nozzles/flow rate per nozzle;
. Droplet size;

. Spray angle;

. Spray coverage; and

. Nozzle attachment method.
Number of Nozzles/Flow Rate Per Nozzle

The number of spray nozzles and flow rate per nozzle are influenced by the
quantity of flue gas to be treated and the desired SO, removal efficiency. The slurry flow
rate to the absorber spray headers is based on the liquid-to-gas ratio (L/G) necessary to
maintain the required SO, removal efficiency. The required L/G is determined on the basis of
several factors, including the total droplet surface area available for gas/liquid mass transfer.
This surface area is, in turn, dependent on nozzle type, fluid pressure, and flow rate per
nozzle. Nozzles with larger flow rates reduce the numbers of nozzles required and provide

larger free-passage diameters, but also produce larger droplets, reducing the total surface area
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and increasing the required L/G. Conversely, a large number of low flow rate nozzles

reduces the required L/G, with the penalty of increased capital cost and reduced free-passage
diameter. As stated earlier, most FGD system vendors have established their designs on the
basis of operating experience, and the flow rate per nozzle used in their designs has been

optimized using these considerations.
Droplet Size

As discussed above, the size of the droplets produced by absorber spray nozzles
has a direct impact on gas/liquid surface area and, therefore, the required L/G ratio. The
smaller the droplet, the larger the surface area provided by a given volume of slurry and the
lower the L/G required to achieve a given total surface area. Droplet size is determined by
nozzle design, nozzle flow capacity, spray angle, and pressure drop across the nozzle. As
stated above, nozzles with higher flow rates produce larger droplets at a given pressure drop.
Wider spray angles and increasing pressure drop across the nozzles produce smaller droplets.
Test date are required to determine actual nozzle performance (i.e., droplet size) for specific

operating conditions.
Nozzle Spray Angle

Nozzle spray angle is the angle formed by the spray cone leaving the nozzle.

The spray angle may vary with nozzle design, but for most FGD system applications it should
be between 90° and 120°. Wider spray angles reduce the number of nozzles required to attain
the desired spray coverage. Typically, the selection of the best nozzle spray angle for a
specific application is determined by the FGD system vendor on ‘the basis of actual operating
experience; however, for the ME wash nozzles, the spray angle should be 90° or less. If
nozzles with spray angles of over 90° are used, then the angle of incidence of the wash spray
with the ME blades may be too shallow to permit adequate penetration of the wash water
along the full depth of the blade, and ME wash efficiency will suffer.
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Spray Coverage

Spray coverage is estimated at a given distance from the nozzle outlets on the
basis of the angle of the spray from the nozzle and the layout of spray nozzles on the spray
header. In the absorber module, full spray coverage of the absorber slurry across the absorber
cross section or over the packing is necessary to avoid maldistribution of absorber flue gas
and areas of unwetted packing. Maldistribution of absorber flue gas and unwetted packing
decreases the SO, removal efficiency of the absorber. Similarly, unwashed areas of an ME
section result in pluggage of the unwashed area, excessive flue gas velocity in the remaining

ME area, and high liquid carryover rates.

An example of a typical spray pattern coverage measured 1 m (3 ft) below the
nozzle outlet is presented in Figure 9-2. As shown in this figure, a significant degree of
overlap of the spray patterns was achieved at this distance. This overlap is designed into the
system by the FGD system vendor through the selection of spray nozzle type and the nozzle

positioning. The degree of coverage overlap is calculated by the following equation:

N XA
Coverage = —=e =~ womle 4 100% (9-1)
Aabsorbcr
where:
Coverage = Spray coverage overlap, %;
Noozte = Number of nozzles at a spray level;
Az = Spray area of a nozzle measured at a distance below the nozzle
outlet, m? and
A pcorber = Absorber module area measured at a distance below the nozzle
outlet, m’.

For absorber spray nozzles, the overlap is typically calculated at a distance of 1
m (3 ft) below the nozzle. For packing flooding nozzles and ME wash nozzles, the overlap is
calculated at the packing/ME surface. In all of these cases, coverage overlap values of 200 to
300% are usually provided.

11.9-9



i v
SIS,

[Zisad
]
o/

o
4

R
x

BT R I R ebr K XA -

|

VIR

—H]
\

Coverage measured 1 m (3 ft) below spray header.
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Nozzle Attachment Method

There are four methods typically used to attach the spray nozzle to the header:

] Screwed attachment;
. Flanged attachment;
o Mechanical coupling attachment; and

. Bonded attachment. -

- Screwed Attachments--Screwed attachments are commonly used for the small
ME wash nozzles, vacuum filter cake wash nozzles, and flue gas quench nozzles, but are
seldom used for the larger absorber slurry spray nozzles. Typically the nozzles contain the
.male threads and the spray header contains the female threads.

Flanged Attachments--A flanged attachment uses bolted flanges on the spray
header and nozzle, and is the most frequently used attachment method for absorber spray
nozzles. The nozzles that were shown in Figure 9-1 use flanged connections. Typically, each
flange uses four bolts with nuts and washers. Because the bolting will be subjected to the
corrosive environment inside the absorber module, nickel alloy bolts, washers, and nuts are

required.

Although flanged nozzle attachments are used by most FGD system vendors for
absorber spray nozzles, this method has several problems. First, a large utility FGD system
may have over 1000 absorber spray nozzles, which would requiré the use of 4000 alloy flange
bolts. In addition to the high capital cost of this bolting, the numerous small parts are easily
dropped during installation of the nozzles and can become a source of tramp material that
damages the nozzles. Second, the flanges of ceramic nozzles may be damaged during
installation of the nozzle if the bolts are over-tightened. Often this is the most common cause

of nozzle damage. Third, if each nozzle’s bolting is not tightened uniformly, a leak from the
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flange joint may result, producing a high-velocity jet of abrasive slurry that can damage
adjacent equipment. It is very difficult to detect such leaks in advance. finally, even when
alloy bolting materials are used, it can be difficult to loosen nozzle flange bolt nuts that have
been in service for a prolonged period of time. Removing frozen nuts is another common

cause of nozzle damage.

Mechanical Coupling Attachment--An alternative to flanged nozzle
attachments is to replace the flange bolting with a mechanical coupling, such as a Vitaulic™
coupling. This coupling use a mechanical clamp to hold the nozzle to the header and is
secured by a single bolt. The use of mechanical couplings requires slight modifications to the
nozzle and spray header flanges. Two recent papers on the use of mechanical couplings for
nozzle attachment reported that no nozzles were broken during installation at large utility
FGD systems (1,2).

Bonded Attachment--In the past, permanent bonding of nozzles to the spray
header has generally been avoided because it makes the replacement of nozzles difficult.
With recent improvements in nozzle materials and designs, however, nozzle replacement is
becoming less frequent. Adhesively bonded spray nozzles have been successfully used at
Houston Power & Light Company’s Parish Generating Plant since 1980 (2). Although
specific repair methods must be implemented, the total cost of bonded nozzles may be

significantly lower than the other alternatives (2).

9.2.3 Other Considerations

Spray coverage will decrease if nozzles become plugged with solids; therefore,
it is important for spray nozzles to have a sufficiently large free-passage diameter to reduce
the potential for pluggage. While most slurry solids are less than 100 pm, larger diameter

solids are possible in an FGD system.
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One significant source of these large-diameter solids is calcium sulfite or
sulfate scale that can form in the absorber module or recirculation piping. When scale

deposits break away, they can be carried through the piping to the spray nozzles.

Another source of large-diameter solids is large pieces of rubber from the
linings used in the absorber module, piping, and slurry pumps. Delamination of rubber-lined
slurry piping is a serious problem, because these pieces can be large enough to plug an entire
branch of a spray header as well as individual nozzles.

A third source of large-diameter solids is tramp material left in the absorber
module following maintenance. Tools, welding rods, nuts, bolts, and other debris have been

removed from plugged spray nozzles in operating FGD systems.

Of the three nozzle types, tangential nozzles have the largest free-passage
diameter for a given fluid flow and axial nozzles have the smallest. Tangential and spiral
nozzles are also more likely to clear a partially plugged condition by themselves than are axial

nozzles.
9.3 Material Selection

Spray nozzles are subjected to extremely high local fluid velocities and may be
subject to severely erosive conditions. The available materials of construction depend on the
nozzle location and service. The most frequently applied materials include selected metal

alloys, ceramics, and other nonmetallic materials.
9.3.1 Metal Alloys
Metal alloy nozzles are generally suitable for spraying clear process liquids

such as ME wash water and inlet emergency quench water. The alloy specified should be at

least as corrosion-resistant as the alloy that would be specified for fabrication of the absorber
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in this same location. Type 300 series stainless steels are generally suitable for ME wash
applications. Corrosion-resistant nickel alloy nozzles are required for the quenching nozzles.
Alloy selection is discussed in detail in Part I, Section 5.6.1--Alloy Products and Corrosion
Resistance.

Less frequently, alloy materials have also been used for slurry nozzles.
However, experience has shown that the life expectancy of alloy nozzles decreases rapidly
with increasing slurry particulate size and slurry solids level. For example, increasing slurry
limestone reagent particulate size from 90% less than 44 pm-(325 mesh) to 90% less than 149
pm (100 mesh) can result in about a 10-fold decrease in nozze life (3).

Stellite 6B, a cobalt-based, wear-resistant alloy, has been widely used for FGD
spiral slurry nozzle applications. This alloy is extremely resistant to erosion and moderately
resistant to corrosion, but it is very brittle. Stellite 6B nozzles may break if dropped. The
alloy can be machined only by grinding. Stellite 6B nozzle bodies are typically either flanged
or welded to threaded necks of another alloy.

While Stellite 6B is extremely wear-resistant, it is not particularly resistant to
chlorides, and severe external pitting has occurred in relatively low-chloride (less than 10,000
mg/L. CI') environments. Another cobalt-based alloy, Ultimet™, offers high abrasion
resistance along with high chloride resistance, although at considerably greater cost.

9.3.2 Ceramics

Ceramic nozzles of either sintered silicon carbide or sintered alumina ar‘e
essentially immune to erosion, abrasion, and corrosion by the slurries used in an FGD system,
and currently are the type most frequently used for absorber spray nozzles. However, these
nozzles are extremely brittle, and often break during removal to clear pluggages. A fall of
only a few feet will shatter them. These nozzles can be fabricated entirely of ceramic
materials, including the flanges. Since the flanges are often broken by over-tightening the

- flange bolts during installation, the nozzles are also frequently fabricated with a ceramic
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nozzle body with an alloy or fiber-reinforced plastic (FRP) flange. Ceramic axial nozzles,
fabricated with cast ceramic threads, have been used in the past, but should be avoided.

These nozzles are very prone to breaking during installation and removal.

9.3.3 Other Nonmetallic Materials

Other nonmetallic materials that are used for spray nozzles include
polyurethane, polypropylene, and FRP.

Absorber slurry spray nozzles fabricated from erosion-resistant polyurethane
have been used in a few FGD systems. These nozzles are much less prone to breakage than
ceramic nozzles, but are less erosion-resistant and can be damaged by high flue gas

temperatures. FRP or a corrosion-resistant alloy can be used for the nozzle flange.

Polypropylene and FRP nozzles do not have sufficient erosion resistance for

use as absorber slurry spray nozzles, but have been applied as ME wash nozzles.

9.4 Recommendations

In a new FGD system, the types of nozzles and the materials of construction
are typically selected by the FGD vendors on the basis of their specific designs and
experience. In reviewing vendor proposals or evaluating replacement nozzles, the following

factors should be considered:

o Any of the three nozzle types can be used effectively in absorbers with
high-pressure spray nozzles. Tangential hollow-cone spray nozzles
provide large free-passage diameters and no internal parts. Axial and
extra-passage spiral nozzles provide greater spray coverage and smaller
droplets at a constant operating pressure.

®  Pressure drop across the absorber spray nozzles should be in the range

of 48 to 103 kPa (7 to 15 psig) at nozzle capacities between 10 and
12.5 L/s (150 and 200 gpm).
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‘9.5

For absorber spray nozzles, droplet Sauter mean diameter should fall
between 2500 and 2800 pum. For all nozzles used in the FGD system,
the percentage of droplets less than 2000 pm in diameter should be
minimized because these droplets can carried up into the ME section by
the flue gas.

The absorber spray nozzle spray angle should be 90° to 120°.

Absorber spray nozzles and ME wash nozzles should provide at least
200% spray coverage. For high-pressure absorber spray nozzles, the
coverage should be calculate at a distance of 1 m (3 ft) from the nozzle
orifice. For low-pressure flooding nozzles and ME wash nozzles, the
coverage should be calculated at the packing or ME surface.

Axial nozzles are typically preferred for low-pressure (flooding) spray
nozzles designed for full spray coverage directly above packing. Only 7
to 70 kPa (1 to 10 psig) pressure drop is required for low-pressure
flooding operation. Large-capacity [19 L/s (300 gpm) and greater]
nozzles can be used with small spray angles. Droplets can reach up to
5000 pm in size.

Mist eliminator wash and emergency quench nozzles require full-cone
spray patterns at 90° spray angles. Pressure drop across the nozzle can
be as high as 275 kPa (40 psig).

Vacuum filter wash nozzle spray angles can be 120° or greater provided
that even wash water coverage of the cake is produced.
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10.0 REAGENT BALL MILLS

Most FGD systems use either lime or limestone as a source of alkalinity to
neutralize the SO, removed from boiler flue gas. Both lime and limestone are typically
delivered to the plant in forms that are the most economical for purchase and delivery;
however, both reagents must be processed further before they can be used in the FGD system.
The term "reagent preparation" refers to the total process of converting the reagent from fts
as-received form into a slurry that can be added to the absorber reaction tank.

The basic design considerations regarding reagent receiving, storage,
preparation, and slurry storage are presented in Part I, Section 4.7--Reagent/Additive
Preparation Equipment. This section of the manual emphasizes the characteristics of wet ball
mills used for reagent grinding or slaking, while other sections of Part II discuss associated
reagent preparation equipment. This associated equipment includes slurry pumps (Section
5.0), tank agitators (Section 6.0), hydrocyclones (Section 12.0), and process tanks (Section
16.0).

Limestone for FGD system reagent is usually delivered to the power plant as
crushed rock in a size range of up to about 19 mm (3/4 inch) in diameter. It must then be
ground to a fine size to increase the surface area and reactivity (see Part I, Section 4.7.2--

Limestone Reagent Preparation Equipment).

Limestone can be ground either wet or dry. Wet grinding of the limestone in a
ball mill produces a pumpable slurry that can be metered into the absorber reaction tanks.
Consistent grinding is essential to maintaining efficient reagent utilization and to meeting the
byproduct quality specifications for commercial-quality gypsum. Dry grinding of limestone in
a roller mill (similar to the mills used to produce pulverized coal) is an option that utilities
may wish to consider; however, because there are no utility installations currently conducting
on-site dry grinding, this option is not covered in this manual. It should be noted that at least

one U.S. utility is purchasing dry-ground limestone powder from a supplier for use in their
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FGD system, and several FGD vendors are promoting on-site dry grinding of limestone
reagent for future FGD systems.

Pebble quicklime (CaO) for lime-based FGD systems must be slaked to
hydrated lime [Ca(OH),] to make a slurry that is easily pumped and metered into the reaction
tanks. The three basic types of slakers have been used to produce hydrated lime for FGD
systems: paste slakers, detention slakers, and ball mill slakers. Commercially available p.aste
slakers are limited to a slaking capacity of approximately 3.6 tonnes/hr (4 tons per hour),
which is much less than the typical reagent requirements of a large FGD system. As a result,
a large number of paste slakers would be required. Large-capacity detention slakers could be
used, but these slakers are less efficient” than eithér paste or ball mill slakers, and reagent
costs would be greater. As a result, most recent lime-based FGD systems have selected large-
capacity ball mill slakers for reagent preparation. For this reason, this section will be limited

to a discussion of the ball mill slaker.

10.1 Types Available

Ball mills used for grinding limestone or slaking lime can be of either the
horizontal or vertical type. Both types are available in capacities of greater than 90 tonnes
per hour (100 tons/hr). The differences, advantages, and disadvantages of these two mill

types are discussed below.
10.1.1 Horizontal Ball Mills

Historically, horizontal ball mills have been the predominant choice for

producing limestone reagent slurries in FGD systems. They have been much less commonly
used for slaking lime. The horizontal ball mill, Figure 10-1, is a cylinder that rotates at 15 to

* Slaker efficiency is a measurement of the percentage of the CaO feed that is converted
to Ca(OH),. CaO can not react with dissolved SO, in the absorber slurry and is lost from the
process in the byproduct solids.
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20 rpm and is partially filled with steel balls. Reagent and water enter at one end of the
cylinder and leave the other end through a trommel screen discharge. As the cylinder rotates,
the balls are lifted by ridges on the mill’s internal liner and then tumble back onto the reagent
* and other balls. In a limestone ball mill, this action grinds the coarse reagent feed to a very
small particle size; in a lime slaking ball mill, it mixes the lime and water, promoting the
slaking reaction. The grinding action also improves the slaking rate and efficiency by
continuously removing the outer layer of Ca(OH), coating the unslaked CaO particles. Any
unreactive material in the lime (also called grit) is ground to a small particle size and leaves
the mill with the lime slurry. The outlet of the mill has a set of reversing spiral flights that
push the balls back into the mill as it turns.

The discharge trommel is a cylindrical screen with relatively small openings
that allow the reagent slurry to discharge into the mill slurry sump but that retain any grinding
balls and large particles of tramp material (such as nuts, bolts, and pieces of wood). Any
unground stone, tramp material, and grinding ball fragments that get past the outlet spiral
flights, but do not pass through the trommel, are discharged through a chute to a waste rejects
hopper.

When producing a limestone slurry, the horizontal ball mills are operated as
wet, closed-circuit systems, where "closed circuit" refers to oversized particles being separated
from the slurry and returned to the feed end of the mill for additional processing. When used
as a lime slaker, horizontal ball mills typically operate in an "open circuit," with no separation

or recirculation of oversized material.

A considerable amount of associated equipment is ‘needed in order for a
horizontal mill to produce a consistent slurry product. Belt-type weigh feeders are used to
meter dry reagent from the day silo into the mill inlet. The mill discharges into an agitated
tank called the mill slurry sump. In closed-circuit limestone sturry preparation systems, the
slurry pumps transfer the limestone slurry to hydrocyclones, which split the feed into streams

of relatively coarse and fine particles. A device called a distributor is often used to direct the
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hydrocyclone overflow (containing the finer limestone particles) and underflow (containing
the coarser limestone particles). Under normal closed-circuit operatipg conditions, the
hydrocyclone overflow is directed to the reagent slurry storage tank(s), and the hydrocyclone
underflow is directed to the feed end of the mill for reprocessing. When sufficient reagent
slurry has been produced, the weigh feeder stops, the mill’s drive clutch disengages, and both
the hydrocyclone overflow and underflow are routed back to the mill slurry sump.

In open-circuit lime slaking systems, the slurry pump transfers the lime slurry
directly from the mill slurry sump to the reagent slurry storage tank(s). A few Iime slaking
ball mills use closed-circuit systems to improve slaking efficiency and ensure maximum size
reduction of grit. The determination of whether the additional equipment required for closed-
circuit operation is cost-effective is dependent on the cost and quality of lime, with closed-

circuit operation being favored in instances of high-cost or low-quality lime.

At initial startup, a horizontal ball mill is charged with an assortment of ball
sizes, ranging from 19 mm (3/4 in.) up to 750 mm (3 in.) in diameter. Limestone grinding
mills are usually 40 to 50% filled with ball charge; somewhat less grinding media is required
for lime slaking. During operation, attrition of the balls occurs and their diameters gradually

diminish.

Periodically, additional balls of the largest diameter are added to the mill to
maintain the correct ball charge size distribution. Most commonly, balls are added when the
electrical current drawn by the mill’s drive motor decreases by a specified amount. The drive
motor current decreases as the total weight of the ball mill contents decreases. Because the
weights of reagent and water are relatively constant, the decreasé is attributable to reduced

ball charge.
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10.1.2 Vertical Ball Mills

Vertical ball mills (also called tower mills or stirred mills) are a relatively new
grinding option and are currently offered by only two ball mill vendors worldwide. Although
their experience base is much smaller than that of horizontal mills, vertical mills offer several
advantages. The main advantages relate to simplicity of design, smaller equipment footprint,
and reduced power consumption. Tests by one vendor, who supplies both vertical and
horizontal ball mills, concluded that the vertical mill produces a higher slaking efficiency (1).

Unlike horizontal mills, which can accept feed sizes up to 500 mm (2 in.), the
vertical mill requires a relatively finer feed size. Limestone feed must be crushed to less than
6 mm (1/4 in.) in diameter prior to the mill. For lime slaking, the maximum size of pebble
quicklime is 16 mm (5/8 in.). Unless the reagent can be purchased to these size specifications
(often at additional cost), a crusher must be installed ahead of the mill. Some installations
have large-capacity crushers that operate at reduced frequency (e.g., 8 hours/day), and the
ground reagent is stored until fed to the mills. However, it is usually more economical to size

the crusher system to match the grinding system and operate both simultaneously.

Vertical ball mills, Figure 10-2, are significantly lighter in weight than
horizontal mills because the shell is stationary while an internal helix (screw) turns at 28 to 85
rpm to lift the balls in the center of the mill from the bottom of the mill to the top. (Larger
diameter mills operate at a lower speed.) The balls then slowly progress to the bottom of the
mill inside the perimeter of the shell. The screw is suspended from above to avoid the need
for support bearings in the grinding media. Vertical alignment of the screw is maintained by
the weight of the ball charge. '

The limestone or quicklime feed enters the top of the mill with overflow slurry
exiting near the top. The recycle pump is sized to provide an optimal upward velocity of
slurry in the grinding chamber, which carries fine particles out of the mill and allows the

larger ones to settle back into the grinding media. An integral classifier separates the mill
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overflow into a recycle stream, which is returned to the bottom of the mill by the recycle
pump, and a product stream. A vertical mill used in limestone grinding service would be
expected to operate with hydrocyclone classifiers and a distributor similar to those described
for closed-circuit horizontal mills. Vertical mill slakers do not require the hydrocyclones,

although the recycle pump and integral classifier are still used.

Operating grinding equipment requires a certain amount of energy. Most of the
energy goes into breaking the rock, but a large amount is wasted as heat and noise. The
vertical mill creates less heat and noise, and consequently is more energy-efficient. Based on
mill power requirements presented by an equipment manufacturer, vertical mills (including
crushers) require about 70% of the power of a horizontal mill to produce the same limestone
slurry fineness (2). The finer the grind required, the greater the power savings with a vertical

mill.

Erosion of the mill internals is minimized through equipment design and
material selection. The inner surface has several vertical protection bars, where grinding
media and limestone accumulate and serve as a wear surface. The normal replacement
schedule for the wear parts on the screw is 12 to 18 months. The replacement schedule for

the protection bars is typically half as often as the screw parts.

Vertical mills use smaller balls than horizontal mills [2.5 cm (1 in.) maximum],
and the ball wear rates are about half as great. As with horizontal mills, balls are added when
the drive motor current decreases. The typical depth of grinding media is 1.8 to 2.4 m (6 to 8
ft) for limestone grinding and 1.2 to 1.5 m (4 to 5 ft) for lime slaking.
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10.2 Design Considerations

10.2.1 Process Considerations

Four important process considerations related to the selection of limestone

grinding equipment are:

. Product particle size;

* Lime/limestone characteristics; -
° Water requirements; and

o Reagent processing rate turndown ratio.

Product Particle Size

The rate of limestone dissolution depends largely on its surface area, which is a
function of the particle size distribution (PSD). Limestone fineness affects both the reaction
tank pH and the limestone utilization. These factors are discussed in detail in Part I, Section
8.4.1--Effect of Limestone Particle Size on FGD System Performance. Recent FGD system
designs have specified a PSD of 90 to 95% of ground limestone passing a 44 um (325-mesh)

screen.
Lime/Limestone Characteristics
Limestone grinding systems are designed for a specific limestone hardness,
which is most commonly measured in terms of Bond Work Index (BWI). Limestone hardness

is discussed in Part I, Section 8.4.3--Limestone Hardness; however, this section provides some

additional details describing the effects of hardness on grinding equipment design.
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Bond Work Index is determined using a laboratory-scale ball mill to measure
the amount of energy required to reduce the size of a given limestone from 3.36 mm to 80%
passing 100 pm. Changes in BWI affect the product fineness and/or the grinding system
capacity, as shown in Figures 10-3 and 10-4 (2). The following relationship is used for
estimating grinding power in a wet closed-circuit ball mill (2):

w - [1LBWI _ 11 BWI) < CF (10-1)
VP vEF o)
where: w = Grinding power, kilowatt-hour/tonne;
BWI = Bond Work Index;
P = Screen opening through which 80% of the product will pass, pm;
F = Screen opening through which 80% of the feed will pass, pm; and
CF = Correction factor, unitless.

An empirical correction factor (CF) can be applied in many different grinding
situations. For example, a correction factor is used with wet, closed-circuit limestone grinding
when the product size is very small (2). If P is less than 75 pm (as it is in most FGD system
applications), then (2): .

- P+103 (10-2)
1.145 P .

The limestone reagent feed is typically expressed as a range of particle sizes
[e.g., 19 x 0 mm (3/4 x 0 in.)], which does not address the particle size information needed to
apply Equation 10-1. Table 10-1 provides a list of some common feed and product sizes and
the corresponding typical 80% passing sizes (the size of a screen opening that will pass 80

weight percent of the particles) (2).

Figure 10-5 shows the theoretical grinding power required for a wet closed-
circuit ball mill system as a function of limestone hardness (BWI) and product size. Although

I1.10-10



\

Percent Less Than 44 mm (325 Mesh)

100

" | | |

Bond Work Index

Figure 10-3. Typical Limestone Grinding:
Ball Mill Product Size vs. Bond Work Index

Source: Svedala Industries, Inc. (1)
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Mill Capacity (dry metric tons/hr)
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Figure 10-4. Typical Limestone Grinding
Ball Mill Capacity vs. Bond Work Index

Source: Svedala Industries, Inc. (1)
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Table 10-1
Typical Limestone Feed and Ball Mill Product Particle Size Correlations

25x3 1x1/8 19,000 80 .74 200 74
19x12 | 3/4x1/2 15,000 80 44 325 44
19x0 3/4x0 14,000 85 44 325 37
127x 0 12x0 9,400 90 44 325 31
9.5x0 3/8x0 6,400 95 44 325 23

"Fy and Py, are defined as the size of a screen opening through which 80 weight
percent of the feed and product will pass, respectively.

Source: Svedala Industries, Inc. (2)
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Figure 10-5. Theoretical Ball Mill Power Requirement as a Function of
Product Size and Bond Work Index

Source: Svedala Industries, Inc. @D
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the theoretical data are for a horizontal mill, similar curves would be produced by a vertical
mill. As indicated by this figure, grinding power is proportional to the BWI. Grinding power
is also dependent on the product fineness, since it takes more power to produce a finer grind.
And similarly, though not indicated by this figure, grinding power increases with increasing

feed size.

A closed-circuit system, in which hydrocyclones separate the large particles and
return them to the mill, is more energy-efficient than an open-circuit system that produces the
same average fineness. In order to minimize the size of the l.argest particle leaving the mill,
an open-circuit system must over-grind the remainder of the particles, with much higher
energy costs. For this reason, limestone FGD grinding systems are operated as a closed-
circuit process. Empirical correction factors can be applied to Equation 10-1 to account for
dry grinding, open circuits, rod grinding media (as opposed to ball media), abnormal feed size
distributions, and other differences. The utility engineer can use Equation 10-1 for estimating
purposes, but equipment vendors will design the grinding systems based on their experience.

In some cases, vendors may wish to perform additional tests on the proposed limestone.

Limestone often contains a small amount of harder stone, such as flint and
shale, some of which is not ground as it passes through a horizontal ball mill. Such material
is termed "rejects" and is discharged from the horizontal ball mill through the reject chute for
disposal. If the volume of rejected limestone is small, a waste drum set at the discharge chute
can collect the rock. However, some utilities have had to install equipment such as small
conveyors to take away their large volumes of rejects. In a horizontal ball mill, a significant
increase in limestone hardness will cause an increase in the amount of limestone that is

discharged with the rejects.
Vertical ball mills do not have trommels and reject chutes. Rejects and tramp

materials either remain in the mill until they are ground to a sufficiently small size to enable

their leaving the mill in the product stream, or they accumulate in the mill and act as
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additional grinding media. A significant increase in limestone hardness would reduce the

capacity of the mill.

Pebble lime contains a fraction of unreactive material (grit) that is composed of
uncalcined limestone, unreacted calcium oxide, and acid-inert material. Grit is typically 1%
to 2% of the lime feed. An advantage of slaking with a horizontal or vertical mill is that grits

are ground along with the lime and do not produce a separate waste stream.
Water Requirements

The grinding or slaking operation is a significant water consumer in the FGD
system. Depending on SO, removal rates, the reagent slurry will likely provide 10 to 30% of
the total makeup water to the reaction tank. Limestone slurry can be made using relatively
low-quality water; in fact, thickener/hydrocyclone overflow water is typically used as the
primary makeup water source in limestone grinding. However, in systems with high levels of
dissolved chloride, some designers or operators have used fresh water to avoid corrosion
problems. As discussed below in the section entitled Slurry Density Control, the amount of
water used for grinding (as opposed to slurry dilution) is small. Therefore, using fresh water

for grinding would have little effect on the overall FGD water balance.

Potable water is recommended for slaking because dissolved sulfites and
sulfates can retard the slaking process, preventing some lime from hydrating. Although
potable water is usually used in the slaking step, recycled water can be added after slaking to
dilute the slurry to the desired consistency (3).

Both types of mills require a reliable source of cooling water: for cooling the
mill support bearings in horizontal ball mills, and for cooling the drive speed reducer in

vertical mills.
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Other water requirements relate to shutdown and emergency conditions. On
system shutdown, the mill should be flushed with water to remove ground material and
prevent it from solidifying. A solidified ball charge can seriously damage the drive gears,
support bearings, and mill internals. In slaking operations, it is especially important to have
an adequate amount of water present at all times. Lime hydration is an exothermic reaction
and an ample amount of water is needed to control temperatures to prevent rubber liner
damage or steam explosions. In case of a power failure to the slaking system, a horizontal
ball mill should be quickly flooded, while a vertical ball mill should be drained through a

drain valve.

Reagent Processing Rate Turndown Ratio

A horizontal ball mill is designed for a specific throughput (tons of feed per
hour). At lower feed flows, the wear rates of balls and mill shell liners increase as balls are
hitting each other and the shell instead of grinding the reagent. Although vertical ball mills
are also designed for a specific feed rate, they also perform well at lower feed rates. When
slaking lime, the vertical mill has been shown to have a turndown ratio” of up to 10:1 (2).
Operation of either type of mill at a higher-than-designed limestone feed rate reduces the

product fineness. A higher-than-design lime feed rate results in incomplete slaking.

Limestone preparation systems are seldom run at reduced capacity because of
the problems noted above related to increased attrition of grinding media. Instead, when less
slurry is needed, the equipment is operated at full capacity for fewer hours per day.
Therefore, the ability of grinding equipment to perform at a high turndown ratio is not very
important.

* Turndown ratio is the ratio between the equipment’s highest and lowest continuous
processing rates. A system with a higher turndown ratio is capable of continuous operation at
a lower fraction of its maximum capacity.
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10.2.2 Mechanical Considerations

Grinding mills are heavy-duty pieces of equipment with a long history of use in
other industries. Generally, mills operate with high reliability, but FGD systems are highly
dependent on having a continuous supply of reagent slurry. Therefore, spare equipment is
typically provided. Although the mills themselves are usually purchased as the vendor’s
standard design, the utility engineer should be aware of some of the associated equipment.‘
Slurry density control, mill lubrication, and the ball charging hopper are discussed below.

Equipment Redundancy

Both horizontal and vertical ball mill systems are usually provided as a train of
equipment consisting of a weigh feeder, ball mill, mill slurry sump, and classifier system.
Typically, a single train is sized to provide the full requirements for a generating unit’s FGD
system, with a duplicate train as a spare. A single day silo can supply both trains, or a
separate day silo can be provided for each train. Where the reagent preparation system
supplies more than one generating unit, there is typically one ball mill train for each unit,

with a common spare.
Slurry Density Control

Grinding or slaking water is added to the feed end of the mill based on a feed
rate signal from the reagent weigh feeder. The water addition rate is typically set at the
optimum value for grinding or slaking. A density monitor is installed on the piping between
the mill slurry sump pump discharge and the hydrocyclones. The density monitor controls
dilution water addition to the sump to maintain the desired density in the reagent slurry
storage tank. Since slurry density in a limestone mill is usually about 65% solids, about one-
fourth of the water used in the limestone preparation area is added at the mill inlet and the
remainder goes into the mill sump. Table 10-2 shows typical ranges for percent solids in the

various reagent preparation streams.

11.10-18



Table 10-2
Typical Reagent Slurry Solids Content

Limestone grinding 65-70 25-40
Lime slaking 30-35 20-25
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Each makeup water stream should have a flow monitor to facilitate making
adjustments to the grinding circuit and troubleshoc;ting problems. Density and other
instrumentation is discussed in detail in Part I, Section 4.10--Process Controls and
Instrumentation.

Mill Lubrication

Horizontal ball mills require special lubrication systems; separate oil pumps
provide high-lift lubrication and flooding lubrication. Prior to startup, the high-lift oil pump
(also called the jacking pump) pumps oil into the bottom of the two mill-supporting sleeve
bearings to lift the mill and eliminate metal-to-metal contact. This reduces the starting torque
and prevents bearing damage during startup. The flooding oil pump provides a flow of oil to
the top of each bearing during mill operation. While horizontal ball mills in the United States
have traditionally used sleeve bearings, the use of roller bearings is common in Europe (4).

Roller bearings are less expensive and do not use bearing oil pumps.

Horizontal mills are driven by an electric motor with an air-operated clutch, a
pinion gear, and a bull gear that encircles the mill. Lubricating grease is sprayed onto the
bull gear. The oil and grease systems must be heat-traced to ensure proper operation in cold

weather.
Vertical mills are driven by an electric motor with a gear-type speed reducer.

The bearings that support the screw are periodically greased. Also, the speed reducer has a

circulated oil lubrication system.
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Ball Charging Hopper

Replacement balls must be added to the mills on a regular basis; therefore,
equipment should be provided to facilitate this manual procedure. This equipment usually
includes a hoist and a ball charging hopper that can dump to the limestone feed chute. -

10.2.3 Other Considerations

Other considerations include foundation (space) requirements, noise levels, and

dust control.

Foundation Requirements

Space requirements can be a concern at many power plants, particularly if the
FGD system is a retrofit. Grinding systems typically elevate much of the equipment,
including day silos, weigh feeders, and hydrocyclones, which allows some space conservation.
However, the mills and mill slurry sumps are located at grade. A vertical mill occupies only
about one-third of the floor space of a horizontal mill of similar capacity (1). The crusher

required with the vertical mill is typically located above grade.

Horizontal ball mills require much larger foundations than vertical mills, since
the latter develop very little dynamic force. The horizontal mill’s rotating mill cylinder, drive
mechanism, and foundations must all withstand tremendous forces from the moving parts. In
most cases, a horizontal ball mill is mounted on massive concrete piers that are an integral

part of a reinforced concrete floor. A vertical mill, on the other hand, can be bolted to a

concrete floor. Installation costs and time are consequently higher for the horizontal ball mill.
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Noise Levels

The sound pressure (noise) level can be a particular concern if the ball mills are
located in an enclosed building. However, hearing protection is normally required in the
vicinity of an operating mill, even if the mill is located outdoors. Occupational noise
exposure limits in the United States allow workers to be exposed to 90 dBA for up to 8 hours
per day, but a hearing monitoring program is required if the daily average sound level is 83
dBA or greater. The typical sound levels near horizontal and vertical mills are 90 to 95 dBA
and 85 dBA, respectively (4). Noise levels from vertical ball mills are typically lower than
from horizontal mills because the vertical mill’s moving parts are mostly inside a stationary

liquid-filled vessel.
Dust Control

Dust emissions are not usually a significant problem in limestone operations,
because the limestone is contained in enclosed equipment from the point at which it enters the
day silo. The transfer conveyor discharge point typically has a dust collection device, such as

a baghouse.

Lime slaking operations produce dust and water vapor, which must be
controlled for reasons of both health and housekeeping. One solution is to install a hood on
the inlet chute. A more effective but complex solution is to maintain a negative pressure at
the inlet and vent through a dust collector. Although the dust collector must be kept at a
temperature above the vapor dew point, this procedure keeps moisture away from the dry lime
feed chute.

10.3 Material Selection

Although abrasion is the greatest concern in the reagent preparation area,

corrosion can be a problem, particularly with the use of high-chloride reclaim water to grind
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limestone. (Lime slaking must use a higher quality water.) Horizontal mills are typically
rubber-lined, with cast iron feed and discharge sleeves. The grinding media (balls) are
usually made of cast iron with a Rockwell "C" hardness of 62 to 65 on the surface and 60 to
64 inside. Some utilities have used stainless steel balls to gain a longer ball life in high-
chloride environments. This is a significant expense that can be avoided by using a lower-

chloride water for grinding.

Most of the interior of vertical mills is rubber-covered, including the shell,
protection bars, and parts of the screw. The screw parts that_receive the most wear are
abrasion-resistant cast iron. A recent development is to use a magnetic liner in place of the
protection bars. The magnetic tiles hold the steel grinding medium, which then serves as a

wearing surface.

Although materials for most of the other reagent preparation system equipment
are discussed in other sections, some discussion about piping is presented here. Piping in the
limestone preparation circuit is subject to extreme abrasion, and erosive failures have been
common. Some of the materials that have been successfully used include rubber hose
(especially at pump connections for ease of pump maintenance), extra-high-density
polyethylene (EHDPE), and cast basalt-lined steel. Some utilities have opted for thick-walled

carbon steel, and regularly rotate or replace the worn sections.

10.4 Recommendations

o Both horizontal and vertical mills are suitable for limestone grinding
and lime slaking. A purchase specification should allow the FGD
system vendor to make the most economical selection for the particular
application based on initial equipment cost and on installation,
operating, and maintenance costs.

o Particular attention should be given to the specification of abrasion- and
corrosion-resistant materials of construction.
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10.5

. The ball mill equipment arrangement should provide maintenance access
corridors to the mill drives and other components. This should include
a corridor for periodically removing contents of the reject waste hopper
from the reagent preparation area.

o Access platforms should be provided around all aboveground equipment,
particularly weigh feeders and hydrocyclones.
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11.0 THICKENERS

Thickeners are commonly used as a primary dewatering device in lime- and

limestone-based FGD service (see Part I, Section 4.8.1--Primary Dewatering). The thickener

is a gravity sedimentation vessel in which the FGD slurry is concentrated from the typical 6
to 17% solids content in the reaction tank to about 25 to 50% solids content for feed to the
secondary dewatering equipment (e.g., filter or centrifuge). .

11.1 Types Available -

Figure 11-1 is a simplified sketch of a conventional thickener configuration
used for FGD service. The thickener is essentially an open, circular tank designed to promote
settling of solids. Feed slurry from the absorbers is pumped to the feedwell at the center of
the thickener. The feedwell extends below the surface of the thickener and serves to
distribute the feed slurry. As the feed slurry flows downward and outward from the feedwell
toward the perimeter of the vessel, the solid particles settle toward the bottom and the process
liquor flows toward the surface-mounted overflow weir along the perimeter of the thickener.
In continuous operation, the feed slurry is partitioned between the overflow liquor, which is
nearly free of solids, and the underflow slurry, which contains from two tb five times the
solids content of the feed slurry. A rotating rake mechanism is provided to sweep the settled

solids into the central underflow discharge area.

Thickener types are distinguished by various arrangements of the rake drive and
rake supports, and by different underflow slurry discharge conditions. In smaller thickeners,
the central rake drive and rake mechanism are supported by a bridge truss that extends across
the entire tank diameter and is supported by the tank walls. In larger thickeners, the bridge
truss is replaced by a center column support for the rake and rake drive. The choice of bridge

versus center-column support is an economic choice that depends mainly on the tank diameter.
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The rake itself must be either self-supporting or supported along its length and
also must be designed so that it can be lifted from its normal operating position during
occasional conditions when the torque exerted on the rotating rake by the resistance of the
settled solids exceeds the design torque capacity. The two basic rake options are the rigid-
truss rake and the cable-supported rake. The rigid rake structure is self-supporting along its
length and is fixed to the rotating center drive. The cable-supported rake is lighter in _
construction but requires a number of support cables along its length. Figures 11-2a, b, and
cillustrate various rake support and lift arrangements. The cable-supported rakes generally
pivot at the center attachment and are lifted by the torque arm from which the cables are
suspended. The truss-type rake arm is attached to the center rake drive and is lifted along its

entire length as the center drive is lifted.

11.2 Design Considerations
11.2.1 Process Design Considerations
Thickener Sizing

Thickener process design consists of choosing the correct thickener size
(diameter and depth) to provide the-desired underflow and overflow solids content based on
an expected range of feed slurry flow rate, solids content, and particle settling properties. The
feed slurry flow rate and solids content are fixed by the process material balance and the
absorber/reaction tank design and control approach. Generally, as the boiler load and fuel
sulfur content vary, the feed slurry solids content and/or the flow rate to the thickener vary.
The solids properties may also vary substantially with process operating conditions. The
thickener is usually designed for "worst-case" conditions (i.e., highest feed flow rate with

lowest solids content), and other conditions are accommodated by operating flexibility.

In FGD service, the underflow solids concentration is usually the design-

limiting criterion. That is, a thickener that is properly sized to obtain a desitable underflow
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solids content will usually result in an acceptable overflow solids content. The thickener is
sized according to the appropriate design value for the "unit area." The unit area [m’-day/
tonne (ft*-day/ton)] is an expression of the surface area required to obtain a given underflow

solids content with a given feed slurry solids content and total solids throughput.

For new systems, the design value for unit area is usually selected by the
thickener vendor based on their experience with similar applications. For an application
where actual slurry is available, a laboratory or pilot scale settling test may be used to
evaluate the required unit area. In a laboratory batch settling-test,‘a mixed slurry is poured
into a graduated cylinder and the height of the solid-liquid interface is recorded versus time.

The unit area is calculated from the settling curve by:

UA-Kx —T (11-1)
Hy x G
where: UA = Unit area, m’-day/tonne (ft>-day/ton);
K = Unit conversion factor;
T = Settling time to reach a given interface height, minutes;
H, = Initial column height, mm (in.); and
Co = Initial slurry solids content, kg/m® (Ib/ft).

The corresponding underflow solids content at any given time (and unit area) is calculated by:

C,=Kx—" (11-2)
Hx A
where: C, = Underflow concentration at a given interface height, tonne(s)/m?
(to/ft);
K = Unit conversion factor;
W = Total weight of solids in the cylinder, kg (Ib);
H = Interface height at any given time, mm (in.); and
A = Cylinder cross sectional area, mm? (in.2).
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Figures 11-3a and b show a typical laboratory settling test curve and calculated

unit area as a function of underflow solids content. ‘

Settling properties of FGD slurries determined by laboratory settling tests have
recently been reported for a variety of full-scale FGD systems. Table 11-1 summarizes some
of these test data. Site 1 was a limestone-based forced-oxidation process. Gypsum crystals
formed in the forced-oxidation process usually have the most favorable settling properties. of
wet FGD process byproduct solids. In this process, the solids were at least 99% oxidized to
sulfate, and the feed slurry solids content was 17 percent. The measured unit area required to
obtain a 30%-solids underflow ranged from about 0.1 to 0.4 m?-day/tonne (1 to 4 ft>-day/ton).

The maximum settled solids content in the test cylinder was 65 percent.

Sites 2, 3, and 4 were limestone-based inhibited-oxidation processes. Settling
rates in the inhibited-oxidation processes are known to be a strong function of oxidation
fraction. At Site 2, the oxidation fraction was 4%, and the measured settling rate and
maximum settled solids content for this calcium sulfite slurry were in the same range as for
the gypsum slurry at Site 1. Settling rates of sulfite slurry generally approach those of
gypsum slurry only when the sulfite oxidation fraction is less than about 5 percent.

Site 3 had an oxidation fraction of 13% and showed a calculated unit area in
the range of 1 to 3 m?-day/tonne (10 to 30 fi*-day/ton) for a 30%-solids underflow. The
maximum settled solids content ranged from 40 to 44 percent. These results are more typical
of inhibited-oxidation limestone processes. The variation in settling rates by a factor of three
at this site is also typical for full-scale FGD systems where changes in process operation,

especially due to boiler load swings, can have significant effects on solids dewatering

properties.
Site 4 was an inhibited-oxidation process that often operated with oxidation

fractions greater than the intended 15% target. The observed 19% oxidation fraction is more

typical of "natural" or uncontrolled oxidation, although very few FGD systems are
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intentionally operated under these conditions. The calculated unit area (for a 30%-solids
underflow) for slurry from this system was within the range seen at Site 3, but the maximum
settled solids content was much less, at only 33 percent. Solids from limestone-based
processes that operate with oxidation fractions in the 15 to 40% range are typically more

difficult to dewater than those from processes operated at lower oxidation fractions.

Site 5 was a magnesium-enhanced lime-based FGD process operated with 9%
oxidation. Settling tests for this slurry failed to obtain a 30%-solids underflow, and the unit
area required to obtain only a 15%-solids underflow was similar to the high end of the
observed range for the limestone-based processes with a 30%-solids underflow. The final
settled solids content for this slurry was only 24%, which is also the lowest observed for all
five of the sites. In general, slurry from magnesium-enhanced lime-based FGD processes is
the most difficult to dewater of any wet FGD slurry. However, more recent process designs
for magnesium-enhanced lime-based systems have taken advantage of research showing that
operation with lower slurry solids content in the reaction tank produces byproduct solids with

greatly improved dewatering properties (1,2).

Table 11-2 summarizes typical recommended design ranges for thickener unit
area and underflow solids contents for different lime- and limestone-based FGD process
conditions (3). Note that thickener designs for the limestone-based inhibited-oxidation process
do not usually extend to the rapid settling conditions and low unit area measured at Site 2
above because it is difficult to predict whether or not oxidation can be maintained below 5%

at a given site.

Trade-off with Filter/Centrifuge Size

There is obviously a design and cost trade-off in thickener sizing in that the
thickener can be sized larger or smaller to produce a higher or lower underflow solids content.

The underflow solids content, in turn, affects the design size and cost of the secondary

dewatering equipment--vacuum filters (see Part I, Section II-13) and centrifuges (see Part I,
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Table 11-2

Recommended Design Conditions for Thickeners in FGD Service

Pracess Type .- Content, % 7'
Limestone-based
Forced-oxidation 0.3-0.8 40-55
Inhibited-oxidation 1-2 30-45
Natural-oxidation 1-3 | 30-40
Lime-based’
Inhibited-oxidation 2.5-4 25-35

" Magnesium-enhanced lime.

I1.11-10



Section II-14)--that are used for final dewatering of the byproduct solids. Therefore, the
optimum thickener size would normally be selected by evaluating the total annualized cost of

the integrated primary and secondary dewatering equipment.
Polymer (Flocculent) Use

A flocculent is a chemical additive that is designed to improve the settling'
properties of the thickener feed slurry by forming agglomerates of fine and coarse particles.
Flocculents used in FGD service are typically high-molecular-weight anionic polyelectrolytes
that neutralize the surface slurry particles’ charge and help form physical (as opposed to
chemical) bonds between colliding particles. Polymer dosages are typically in the range of 0
to 2 parts per million by weight of feed slurry. Polymer can be purchased in dry, emulsion,
or solution form. It is tyI.)ically added to the thickener feed slurry as a nominal 1% solution,
requiring a low volumetric dose rate of 1/10,000 relative to the feed slurry flow rate.
Depending on the properties of a specific slurry, a flocculent can decrease the required

thickener unit area by up to a factor of five and will usually improve overflow clarity.

Studies have shown that optimum use of a polymer can reduce the annualized
cost of FGD solids dewatering by 0 to 40%, but in practice, thickener designs for utility FGD
systems are rarely based on polymer addition as a base case (3,4). Because of the significant
uncertainty in slurry dewatering properties and the known variation in properties as a function
of boiler operation, the thickener is conservatively sized to yield the desired slurry
concentration without polymer, and polymer use is reserved as a backup operating measure in

case the actual thickener performance does not meet the design objective.
Thickener Operation
Under ideal steady-state conditions, a thickener will yield constant underflow

and overflow solids contents and flow rates at constant feed conditions, and the solid-liquid

interface in the thickener will be maintained at a specific elevation. However, utility FGD
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systems rarely operate at steady conditions. Instead, the volume and solids content of the feed
slurry may change with boiler load swings and with fuel sulfur content. To accommodate
these changes in feed conditions, the solids inventory and interface height in the thickener are
allowed to vary somewhat, and the thickener is operated to maintain a relatively constant
underflow solids content. A constant underflow solids content is usually desirable to maintain

optimum performance of the secondary dewatering equipment.

The usual means of controlling the underflow solids content is by controlling
the rate at which underflow slurry is removed from the thickener. The thickener underflow
pumps are normally operated continuously to avoid plugging problems that can occur with
high solids concentrations. In some systems, variable-speed pumps are used, and the
underflow pumping rate is adjusted to match thickener feed conditions so that the proper
underflow solids content is obtained. In other systems, constant volume pumps are used and
the slurry is either pumped to the underflow slurry storage tank (for feed to secondary
dewatering equipment) or recycled to the thickener feedwell. Some recycle capacity is always
provided, even with variable speed pumps, so that the pumps can be run when the slurry
storage tank is full. When the underflow is recycled, the thickener solids content increases,

providing some surge capacity in the dewatering system.

11.2.2 Mechanical Design Considerations

Rake and Lift Configuration

The different rake and lift configurations describéd above have inherent
advantages and disadvantages. The bridge-supported mechanism is usually less expensive for
smaller thickeners [less than about 40 m (130 ft) in diameter] and the center column-
supported mechanism is preferred for larger diameters. The bridge-supported mechanism also
has the advantage of a less obstructed underflow discharge cone and a simpler, more

accessible lift mechanism.
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Cable-supported rakes are less expensive than truss-style rakes, but the cable-
supported rake does not provide positive control of rake height, permitting the rake to "ride
up” on thickened slurry or other deposits on the thickener bottom. The cable-supported rakes
also use the center-pivot style lift mechanism, where the center end of the rake is pinned to
the drive and the lift clearance increases along the length of the rake (see Figure 11-2b). This
type of lift mechanism may not provide sufficient clearance to avoid high-torque problems
when upset conditions cause high slurry solids content. Truss-style rakes may also use a
center pivot lift, but are usually lifted by lifting the entire drive shaft or cage, providing equal
clearance along the length of the rake (see Figure 11-2a). -

The cable-supported rake does have the advantage of having less structure
exposed to the dense slurry at the thickener bottom, generating less torque on the drive. One
type of truss-style rake is designed with rake blades on posts that extend below the rake truss.
This "thixo-post™" design permits the truss to move above the densest slurry at the bottom of

the thickener, thereby allowing higher solids concentrations to be reached with less torque on
the drive and rake.

Lift mechanisms may be manually operated or power-operated. In the latter
cases, rake lift can be initiated automatically whenever the rake torque (measured by a torque
sensor on the drive) exceeds a certain percentage of the maximum allowed. Alternatively, the
rake lift can be manually actuated by an operator based on the torque reading. The torque

sensor usually actuates a high-torque alarm in the control room.

Underflow Pump Configuration and Type

There are several possible underflow pump configurations. Three of these are
illustrated in Figures 11-4a, b, and c. The most expensive approach is the underground access
tunnel (Figure 11-4a). With this approach, the underflow pumps are located immediately
below the discharge cone beneath the thickener. This arrangement provides short pump

suction lines with positive suction pressure and complete access to all of the lines and valves.
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It generally results in more trouble-free operation and permits discharge and pumping of the

most concentrated slurries.

A vertical pump may be used in the center-column design (Figure 11-4b). This
arrangement gives nearly the same slurry pumping capability of the tunnel design without the
need for the tunnel. Maintenance access to the pump and impeller is more difficult, however,

and lifting the pump for repairs requires a crane or overhead winch.

The underflow pump may also be mounted on-grade outside the thickener
perimeter (Figure 11-4c). In this case, the suction lines may be routed either along the access
bridge or under the thickener (with or without an access tunnel). Placing the suction lines
under the thickener without an access tunnel is the least expensive alternative but presents the
most difficulty in clearing suction line plugging problems. Compared to other underflow
pump location alternatives, placing the pumps on grade results in longer suction lines and
reduces the available pump suction pressure. Relatively minor line pluggage can cause pump

cavitation as a result of insufficient net positive suction head, and damage to the pump.

Centrifugal, progressing-cavity, and diaphragm pumps have been used for
thickener underflow slurry. Variable speed pumps are useful for operating over the entire

load range that might be experienced without the need for throttling the concentrated slurry.

* Liquid is not drawn into a pump. A positive liquid pressure must be provided to push
the liquid into the pump. The required pressure is termed the "net positive suction head" or
NPSH and is a function of the specific pump’s design. The available NPSH is a determined
by the liquid’s static pressure, the suction line’s diameter and length, and the liquid flow rate.
Flow constrictions, such as suction line deposits, can reduce the NPSH at the pump suction of
an otherwise properly designed system and cause pump cavitation. Cavitation is the
vaporization of a portion of the fluid due to the liquid pressure falling below the fluid’s
vaporization pressure at the operating temperature. The bubbles of gas that form then
collapse when they reach the higher pressure region of the pump impeller. This collapse
causes severe vibration and can damage the pump.
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11.2.3 Other Considerations
High-Rate Thickeners

Several manufactures offer "high-rate" thickeners that use more sophisticated
internal arrangements and carefully controlled flocculation to substantially increase settling
rates and decrease the thickener’s space requirements. These thickeners have not generaliy
been used in FGD service where the emphasis is on simplicity and conservative design.
However, high-rate thickeners may be considered and evaluated for applications where

available site area is restricted.
Sparing Approach

Continuous thickener operation is critical to the reliability of the entire FGD
system. Operation of the FGD system without primary dewatering of the byproduct solids
will usually be possible for 24 hours or less. If thickener repair involves draining the
thickener tank, the repairs may require several days to complete. Therefore, the typical FGD
process design includes two thickeners with cross-connected feed slurry piping and a common
overflow tank. Underflow pumps are usually dedicated to each thickener and are not cross-
connected. Because thickeners are usually conservatively sized and their performance can be
upgraded with polymer addition when necessary, the two parallel thickeners are most often
designed for 67% of full-load capacity. In this way, the temporary loss of one thickener for
maintenance has a relatively minor effect on FGD operations. Full-load operation may be
possible with one thickener by using polymers. At low unit load or when burning coal with a
sulfur content lower than the design value, one thickener may be 'sufficient to process all of

the byproduct solids produced.
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Drain and Fill Requirements

Occasionally, maintenance requirements on submerged thickener mechanisms,
such as the rakes, require the thickener tank to be drained. Thickeners can contain a large
portion of the total liquid volume in an FGD system. In many cases, a temporary slurry

storage pond is provided to contain the entire volume of one or more thickeners so that they

can be drained for maintenance. To avoid generating large volumes of wastewater, a means
of returning the process liquor from the pond to refill the thickener(s) is also recommended.

11.3 Material Selection

As with other process equipment, thickener materials are selected according to
the corrosive environment that is expected. The operating conditions in the thickener are
similar to the conditions in the absorber reaction tanks except for pH and slurry solids
concentration. The pH of the thickener is in the range of 6 to 8, which is less corrosive than
other process areas, but the process liquor chloride content may cause moderately corrosive

conditions. The slurry solids concentration on the thickener floor may exceed 50 percent.

The thickener floor is usually sulfate-resistant concrete and may be lined for
additional protection. The thickener shell is most often lined carbon steel or concrete.
Vitreous ceramic tile has also been successfully used for fabrication thickener tanks. The
properties and expected life of coatings for carbon steel are discussed in detail in Part I,
Section [--Materials-of-Construction Options.

Thickener mechanical components are fabricated ffom a variety of materials of
construction, depending on their exposure to corrosive and erosive conditions. Drive and rake
components that are submerged in the process slurry must resist erosion as well as corrosion
and are most often fabricated of rubber-lined carbon steel. The overflow weirs and piping are
typically fiber-reinforced plastic (FRP), a corrosion-resistant alloy, or rubber-coated steel.

Mechanical components that are not exposed to the process liquor may be carbon steel with
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typical industrial finishes. Drive components such as gears and bearings are made of

appropriately hardened materials for extended service life.

The rake and other submerged components are very difficult to inspect while in
operation and cannot be repaired without draining the thickener. Small cuts or seam failures
in the rubber-lined components can result in localized corrosion that can progress to extensive
liner delamination and even structural failure. For this reason, the quality of the rubber lining
applied to submerged parts is critical and the linings should be protected from damage during

thickener maintenance. -

11.4 Recommendations ‘

. Two parallel thickeners should be specified for a single unit, each with
67% or greater capacity. A common, shared spare can be considered
for multiple-unit FGD systems.

o Two 100%-capacity underflow pumps for each thickener should be
specified. Variable speed pumps are useful if wide fluctuations in unit
load or fuel sulfur content are anticipated. Provision should be made
for recycle of underflow slurry to the thickener feed.

o Conservative thickener designs are usually sized without considering the
benefits of polymer flocculents, but designs with flocculent should be
considered for thickeners in applications with restricted site area.

o If possible, a temporary slurry storage pond should be provided for

drainage of a thickener during maintenance. The contents of this pond
should be used to refill the thickener(s) when maintenance is complete.
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12.0 HYDROCYCLONES

Hydrocyclones (also commonly called hydroclones) are devices that use
centrifugal forces to classify and concentrate FGD system process slurries. In FGD systems,
they are most commonly used to control the reagent slurry particulate size in closed-circuit
limestone grinding systems (see Part I, Section 4.7.2--Limestone Reagent Preparafion '
Equipment) and to provide primary dewatering of the absorber module bleed stream (see Part
I, Section 4.8.1--Primary Dewatering). The same basic principles apply and the same

equipment is used in both applications. -

12.1 Types Available

A typical hydrocyclone is shown in Figure 12-1. The slurry enters the inlet
section of the hydrocyclone tangentially to the centerline, inducing swirling. Centrifugal
forces direct the largest and densest slurry particles (those of greatest mass) toward the
hydrocyclone’s walls. As more fluid enters the hydrocyclone, these large, dense particles
migrate downward into the cone section. The finer particles and those with a lower specific
gravity (i.e., those with lesser mass) are less affected by the centrifugal forces, and relatively

fewer of them move to the hydrocyclone walls (1,2).

Because the large, dense solids are forced to the walls, the solids concentration
of the fluid at the walls is greater than in the center of the hydrocyclone. The center, lower-
solids stream, containing predominately fine or low-specific-gravity slurry particles, leaves the
hydrocyclone through the vortex finder. This stream is termed the hydrocyclone "overflow.”
The overflow typically leaves the hydrocyclone at atmospheric pressure, but pressurized
discharge is also possible. The higher-solids stream at the wall, containing most of the larger
or higher-mass particles and a smaller percentage of the fine particles, is carried to the bottom
of the hydrocyclone and leaves through the apex finder. This flow is termed the
hydrocyclone "underflow." The underflow also typically leaves the hydrocyclone at

atmospheric pressure, but again, pressurized discharge is possible.
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As will be discussed in Section 12.2.2--Mechanical Considerations, the
performance of a hydrocyclone is determined by many factors, including its diameter, cylinder
length, cone angle, and vortex and apex diameters. In order to optimize the performance of
the hydrocyclone over a range of process flow rates, the hydrocyclones are usually installed in
a cluster, with several identical hydrocyclones operating in parallel. As illustrated in Figure
12-2, the hydrocyclones’ inlets are connected to a common cylindrical manifold. Each
hydrocyclone is equipped with a knifegate-type inlet isolation valve so that individual
hydrocyclones can be removed from service without affecting the operation of the others.

The underflow and overflow from each hydrocyclone are collected in common underflow and

overflow launders.

In a closed-circuit limestone reagent grinding system, the hydrocyclone
equipment is used to remove oversized particles. The underflow, containing relatively coarse
limestone particles, is directed to the feed end of the ball mill for an additional pass through
the grinding circuit. The overflow, containing the fine limestone particles, is directed to the
reagent storage tank.

In a byproduct solids primary dewatering system, the objective is to produce a
concentrated underflow. The hydrocyclone feed slurry is typically 10 to 15% solids.
Depending on the byproduct particle sizes, the underflow may contain 50% solids or more,
and the overflow may contain as little as 4% solids. The underflow is directed to the
secondary dewatering equipment; the overflow is either returned to the absorber modules or
sent for additional processing to remove the fine solid particles. A secondary effect of using
a hydrocyclone for dewatering is that the particles of unreacted limestone in the bleed slurry
tend to be smaller and less dense than the byproduct solids, and tend to be retained in the
overflow returned to the absorber module. Depleting the bleed slurry of unreacted limestone
in this manner allows the solids in the absorber to have a higher level of unreacted reagent

than the byproduct solids sent to secondary dewatering. This permits the FGD system to
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minimize the limestone content of the byproduct solids, maximize limestone utilization, and
still achieve high SO, removal.’

At some facilities, a second set of hydrocyclones is also used in processing a
portion of the overflow from the primary dewatering hydrocyclones. A cluster of higher-
efficiency cyclones is used to capture additional very fine péi'ﬁcles (such as fly ash) from the
overflow stream. The secondary hydrocyclone underflow, containing fine limestone particles,
is routed back to the reaction tank. The overflow, containing very fine fly ash particles, is
sent to wastewater treatment (see Part I, Section 4.9--Chloride Purge and Wastewater

Treatment).
12.2 Design Considerations
12.2.1 Process Considerations

The two principal functions of hydrocyclones, classification and concentration
of the slurry particles, are well illustrated by the use of hydrocyclones in the limestone
reagent preparation system (classification) and the byproduct primary dewatering system

(classification and concentration).
Classification
Because a hydrocyclone uses centrifugal forces to separate slurry solids from

the fluid, the particles of greater mass are removed at a higher percentage than particles of

lower mass. This classification effect of a hydrocyclone on an absorber module bleed stream

" In an FGD system operating with a thickener, the unreacted limestone content of the
absorber recycle slurry and thickener underflow are the same, and the same reagent ratio
(utilization) would be measured in either flow. Because a hydrocyclone depletes the
unreacted limestone level in the underflow, the reagent ratio measured in the underflow is
lower (and utilization is higher) than measured in the absorber recycle slurry. Thus,
compared to a thickener, the use of a hydrocyclone can reduce reagent consumption at the
same SO, removal efficiency.
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slurry is illustrated in Figure 12-3. Figure 12-3a provides typical data on the particle size
ranges in the feed slurry, overflow, and underflow of a 150-mm (6-in.) diameter hydrocyclone
handling the absorber bleed stream from a limestone-based, forced-oxidation FGD system.
Figure 12-3b presents a curve of the recovery percentage (the fraction of the total feed that
leaves in the underflow) for each particle size. The particle diameter at which 50% of the
slurry particles report to the underflow is termed the Dy, (1,2).

In this example, the specific gravities of the slurry solids and process fluid
were 2.32 and 1.02, respectively. The feed slurry to the hydrocyclone was approximately 9
L/s (140 gpm) and had 15% solids. Both the underflow and overflow discharged at

atmospheric pressure, and the pressure drop across the device was 165 kPa (24 psi). As seen
in Figure 12-3a, approximately 90% of the feed slurry solids (by weight) were greater than 20
pm in diameter and less than 10% were larger than 60 pm. Approximately 50% (by weight)
of the feed slurry solids were greater than 38 pm.

As shown in Figure 12-3b, the recovery percentage is a strong function of
slurry particle size in the range of 3 to 45 um. Below 3 um, the recovery rate was less than
15%; above 45 pum, the recovery rate was greater than 95 percent.” The Dy, for these data
was 20 um. This relationship between particle size and recovery percentage is reflected in the
particle size distribution curves for the underflow and overflow. The underflow curve is
above the feed slurry curve, indicating that it contained a higher percentage of coarse solids.
The overflow is below the feed slurry curve, indicating that it contained a lower percentage of

coarse material. Less than 15% of the overflow solids were greater than 38 um.

* Hydrocyclone performance is actually based on slurry particle mass rather than particle
size. Since the example hydrocyclone performance data are based on a single slurry
component (gypsum) it can be assumed that all particles have the same density, and that
particle mass is directly proportional to size. When a slurry consists of a variety of
components (such as calcium sulfate, calcium sulfite, calcium carbonate, fly ash, and inert
material) with different densities, a larger percentage of the smaller-diameter, more-dense

particles will be present in the underflow and a larger percentage of the larger-diameter, less-
dense particles will be present in the overflow.
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The example curves are based on a specific flow rate through the 150-mm
diameter hydrocyclone. Since the Dy, is a function of the magnitude of the centrifugal forces
applied, at this same flow rate, a higher recovery rate for the finer particles would be

experienced in a smaller diameter hydrocyclone, and a lower recovery rate for these particles

would be experienced in a larger diameter hydrocyclone.

When the primary purpose of the hydrocyclone is to classify the feed slurry (as
in a closed-circuit grinding system), the performance of the hydrocyclone is usually stated in
terms of the percentage of the particles that are less than a specified diameter, measured in the
overflow stream. In the example absorber module overflow curve, the hydrocyclone’s
classification performance could be stated as 90% less than 40 pm or as 95% less than 44

pm.
Separation

In Figure 12-3, the feed slurry was 15% solids. Under the test conditions, the
underflow and overflow solids contents were 50 and 4%, respectively. Approximately 80% of
the slurry feed flow [7.2 L/s (115 gpm)] left the hydrocyclone as overflow. This solid
separation performance is comparable to a well-functioning thickener handling a comparable
feed slurry. With the use of a polymer, however, a thickener would produce an overflow
stream with less than 1% solids, and direct a higher percentage of the fine slurry particles to
the underflow.

Separation, like classification, is dependent on a difference in specific gravity
between the slurry solids and the fluid. Dense materials such as limestone (specific gravity of
2.93) and calcium sulfate (specific gravity of 2.32) are removed from the overflow better than
less dense materials are. Fly ash, for example, may have a specific gravity of less than 2 and

has a fine particle size.

The classification effect discussed above may result in differential separation of

two components with different specific gravities and similar particle sizes, or similar specific
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gravities and different particle sizes. Obviously, the best separation occurs between a
component that forms large, dense particles and one that forms fine, light particles. As
discussed in Section 12.3--Process Considerations, this différential separation can have

significant process benefits.
12.2.2 Mechanical Considerations

Hydrocyclones are relatively simple devices with no moving parts. Mechanical
considerations include hydrocyclone sizing, process feed rate control, equipment sparing, and

the use of easily replaceable components.
Hydrocyclone Sizing Procedures

Hydrocyclones are typically sized by the FGD system vendor or hydrocyclone
manufacturer on the basis of their experience and pilot testing. In addition to the

classification/separation performance requirements, the designer must consider feed slurry

composition, particle size distribution, solids concentration, and flow rate; the particle specific
gravity(ies); and available pressure drop. Good overviews of the procedures and correction

curves used are provided in References 1 and 2.

The geometry of the hydrocyclone controls the underflow and overflow solids
content and the Dy, point. The aspects of hydrocyclone design that control its performance
include the following (2):

o Inlet Chamber Area. The inlet chamber area is a factor in controlling
the hydrocyclone’s Ds,; smaller inlets increase the inlet pressure and
decrease the Dy, larger inlets have the opposite results. Typically, inlet
areas are 6 to 8% of the total cyclone feed chamber feed area.

. Cyclone Diameter. The cyclone diameter controls the centrifugal force

applied to the feed slurry. Larger diameters reduce the fraction of fine
particles directed to the underflow (larger D).
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. Vortex Finder Diameter. The vortex finder is the part most frequently
replaced in operating hydrocyclones in order to change their
performance. Larger diameter vortex finders reduce the fraction of fine
particles directed to the underflow.

. Cylinder Length. Increasing the cylinder length increases the time the
slurry is in the hydrocyclone and increases the fraction of the fine
material directed to the underflow (smaller D).

* Cone Angle. Typical cone angles range from 10 to 20 degrees.
Reducing the cone angle has the same effect as increasing the cylinder

length.

o Apex Finder Diameter. The apex finder diameter controls the
underflow solids content. Smaller diameters result in higher underflow
solids content. If the diameter is too small, however, the Dy, will
increase as a higher fraction of the large diameter solids is directed to

* the overflow. The apex finder diameter is typically not less than 25%
of the vortex finder diameter.

All of these design aspects depend on slurry feed rate. With the exception of
apex diameter, all of these aspects are fixed for a given hydrocyclone, but can be changed, if
necessary, by replacing one or more components. The apex finder diameter can be either
fixed or can be controlled by the use of a concentric orifice valve (see Part II, Section 8.1.2--
Pinch Valves. The control of the apex diameter provides more control of the classification/
dewatering process but increases capital costs and equipment complexity. As a result, most

FGD systems rely on a fixed apex finder.

Process Feed Rate Control

The slurry feed flow rate (and specifically, the flow rate per hydrocyclone) is
especially important to the selection of the hydrocyclone. As discussed previously, the

classification performance varies with feed rate. Therefore, it is desirable that the feed rate
either remains constant or has relatively low variability. This requirement offers no problem
to the closed-circuit limestone grinding system classifier, since this system typically operates

at a constant production rate, with the operating hours adjusted to meet the required daily
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reagent production requirement. The hydrocyclones for the limestone grinding circuit are
typically selected by the limestone grinding equipment supplier. The utility engineer’s role is
limited to selection or approval of the limestone grind fineness [e.g., 90% less than 44 pm
(325 mesh)].

For a primary dewatering hydrocyclone, however, the absorber module bleed

stream flow rate varies with unit load, coal sulfur content, SO, removal efficiency, and other
factors. This flow rate variability can be handled in several ways.

One method used is to direct the bleed stream to the hydrocyclone cluster at a
constant rate and to recycle a portion of the underflow back to the absorber modules along
with the overflow. A schematic of such a system is shown in Figure 12-4a. In order to avoid
additional pumping, the hydrocyclone cluster must be located relatively close to the absorber

modules and sufficiently above the reaction tank such that gravity return flow is possible.

Another alternative is to discharge the bleed stream at a variable rate and place
individual hydrocyclones in the cluster in and out of service as necessary to maintain
relatively constant flow to each hydrocyclone, as shown in Figure 12-4b. This system reduces
pumping costs and eliminates the physical hydrocyclone cluster’s location limitations;
however, it increases the wear on the hydrocyclone isolation valves and requires automatic

valve actuators and additional controls.

A third alternative is to discharge the absorber module bleed stream
intermittently at a constant flow rate. There are no significant starting or stopping problems
with hydrocyclones, and design performance is achieved within a few seconds of startup.
This method, however, may require frequent draining and flushing of the absorber module
bleed stream lines. Hydrocyclones and their underflow and overflow discharge lines are

usually free-draining and do not require flushing on shutdown.
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Equipment Sparing

Regardless of the number of operating hydrocyclones in a cluster it is
customary to include one or two spares in each cluster. A minimum of 20% spare
hydrocyclones is recommended. This permits on-line maintenance of a hydrocyclone without

affecting the processing capability of the system.

Use of Easily Replaceable Components

Each individual hydrocyclone can be relatively quickly and easily removed
from a cluster for maintenance withc;ut disturbing the operation of the other hydrocyclones. It
is relatively rare, however, that an entire hydrocyclone must be replaced. As was indicated in
Figure 12-1, a hydrocyclone is composed of several individual sections that are bolted
together. Each of these sections either uses an abrasion-resistant liner or is fabricated of an
abrasion-resistant material, as discussed in Section 12.3. Replacement of individual

hydrocyclone sections or liners can typically be completed within a few hours.
12.2.3 Other Considerations

As discussed earlier in this section, the use of a hydrocyclone for byproduct
solids primary dewatering can result in differential separation of materials of different sizes
and specific gravities. This differential separation effect can be beneficial in limestone-based
FGD systems, especially those producing commercial-quality gypsum. Because particles of
unreacted limestone reagent, reagent inert material, and fly ash tend to be smaller than the
gypsum particles produced by a forced-oxidation FGD process, the overflow has a relatively

higher concentration of these components than the underflow.
Differential separation has four important benefits. First, as discussed earlier,

the return of unreacted limestone reagent to the FGD system reduces limestone consumption

and, therefore, the FGD system’s annual operating costs. Second, 'commercial-quality gypsum

I1.12-13



specifications contain requirements on the maximum amount of inert material (such as excess
limestone reagent and fly ash) that may be present in the dewatered material. Hydrocyclones
return a portion of the excess limestone to the absorber modules and direct the very fine fly
ash particles to wastewater treatment. Third, commercial-quality gypsum specifications often
require that the mean particle size of the dewatered material be 20 pm or greater. The
removal of fine material, including small gypsum crystals, from the underflow stream
increases the underflow’s mean particle size. The hydrocyclone performance curve presehted
in Figure 12-3b showed that less than 50% recovery percentage was attained at particle sizes
less than 20 pm in the example slurry. Finally, the performance of vacuum filters is

significantly enhanced if the slurry to be filtered contains a relatively small amount of fine
material. Fine particles tend to plug the pores in the filter cake and increase the time required
for filter cake formation and drying. The fine particles also are more likely to blind the filter
cloth with the same effect on formation and drying times. Increased cake formation and
drying times either increase the size of the vacuum filters or reduce their processing rate (see

Part I1, Section 13.0--Vacuum Filters).

Unfortunately, the separation of fine particles from the underflow can create
problems in the FGD system. Unless some mechanism is provided for purging fine, inert
solids such as fly ash and limestone reagent inert material from the FGD system, these
components can build up to appreciable levels in the absorber spray slurry. Since the FGD
system operates at a relatively constant absorber spray slurry density, the buildup of this fine,
unreactive material in the slurry displaces an equal weight of byproduct solids and reactive
reagent solids. This affects the FGD chemical processes by reducing the concentrations of
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